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DISPERSION IN OPTICAL GLASSES. III 


BY 


F. E. Wricat 


In the first paper of this series on dispersion in optical glasses! 
attention is directed to certain linear relations which exist between 
the partial dispersions of optical glasses; namely, that, if for each 
one of a series of optical glasses any partial dispersion, such as 
Np—Nc, be plotted against any other partial dispersion, such as 
Np—n,', the plotted points fall on a straight line. This statement 
was found to hold within one or two units in the fourth decimal 
place for all optical glasses and for most colorless substances. On 
the basis of this relation a series of empirical dispersion formulae 
with two and three constants were deduced which express the 
dispersion in optical glasses with a high degree of accuracy.” In. 
the same paper the average refractive indices for a large number 


of optical glasses are also listed; the two sets of average refractive 
index values are: 


na’ nc 2D nF ng’ 
1.539909 1.543168 1.545958 1.552616 1.557994 
1.588807 1.593565 1.597767 1.608201 1.616995 


The equation which expresses the linear relation between any 
two partial dispersions, such as n,—mj and np —Mc, is 
Ny—Nn,=a(np—Nc) +b (1) 
in which a and } are constants and y and x refer to any two 
spectral lines. 


| 
es 





1 J. Opt. Soc. Am. 4, pp. 148-159, 1920. 
2 J. Opt. Soc. Am. 4, p. 154, 1920. In this paper a typographical error occurs 
which should be corrected. For the expression e’’\* substitute c’’"\” wherever it appears. 
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With this equation and the foregoing average refractive indices 
as a basis the values of table 2 were computed. The average 
partial dispersions deduced from these refractive indices are listed 
in table 1. In this table the values of the constants a and 6b of 
equation (1) are given for the case that, in place of the partial 
dispersion n,—n,, the partial dispersions nc—n4’, np—MNc, Np—Np, 
and ¢/—Mmp are substituted, and ny—mc is retained on the right 
hand side of the equation. 

TABLE 1 
List of Average Partial Dispersions of Optical Glasses 


























nF-NC nc-na’ nD-NC nF-"D nG'-nF 

.009448 .003259 002790 .006658 .005378 

.014636 .004758 .004202 010434 .008794 
a . 288936 . 272167 727833 .658443 
b .000529 000219 — .000219 — .000843 





In table 2 the increment of the mean dispersion, mp—m¢ (col- 


umn 1) is 0.0001 from line to line. 


The corresponding partial 


dispersions, ng —n,4', Np—Nc, Np—Np, Ng —N,, are given in columns 
2, 3, 4, and 5, respectively. By arithmetical interpolation the 
mean dispersion and the corresponding partial dispersions can 
be read off.directly from the table to the fifth decimal place. 























TABLE 2 
Table of Average Partial Dispersions of Optical Glasses 

np-nc|nc—na’'| mp-nc| ne-np|ng’-nF|| mp-nc| nc—na'| np—nc | np—np |nc'—nF 

.00500} .00197) .00158) 00342) 00245)|.01000} .00342 .00294 00706 | .00574 
510} 200 161 349 252); 1010 345 297 713 581 
520; 203 163 356, 258]| 1020 348 300 720 587 
530; 206 166) 364 265}; . 1030 351 302 728 594 
540} 209 169) 371 271); 1040 353 305 735 600 
550 212 172 378 278); 1050 356 308 742 607 
560; 215 174 386; 1060 359 310 750 614 
570} 21 177 393 291}; 1070 362 313 757 620 
580; 2 180} 400) 298]) 1080 365 316 764 627 
590} 223 182 407 304); +1090) 368 319 771 633 

.00600} .00226} .00185) .00415| .00311|}.01100| .00371 .00321 00779 |.00640 
610} 229 188} 422 317|| 1110 374 324 786 647 
620; 232 191 429| 324/| 1120) 377 327 793 653 
630} 235) 193) 437 331\| 1130 379 329 800 660 
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TABLE 2 (Continued) 








nF-NC nc-na'| nD-nC| nF-np\nG’—nF\| nF-AC nc—na'| np—nc | MF—"D ng —nP 




















640| 238} 196] 444) 337|| 1140 382 332 808 666 
650} 241) 199} 451}  344/) 1150 385 335 815 673 
660| 244) 202) 458]  350)) 1160 388 338 822 679 
670| 246] 204) 466) 357|| 1170 391 340'| § 830 | 686 
680} 249} 207; 473)  363/| 1180 394 343 837 693 
690| 252} 210) 480) 370)| 1190 397 346 844| 699 
00700! .00255} 00212) .00488) .00377]|.01200| .00400 | .00349 | .00851 |.00706 
710; 258) 215} 495)  383]| 1210 403 351 859 712 
720| 261) 218) 502)  390)| 1220 405 354 866 | 719 
730| 264) 221) 509} 396)| 1230 408 357 873 726 
740} 267; 223] 517| 403); 1240 411 359 881 732 
750} 270) 226) 524) 410)| 1250 414 362 888 739 
760| 272| 229) 531) 416)) 1260 417 365 895 745 
770} 275} 231; 539) 423] 1270 420 368 | ° © 902 752 
780| 278| 234, 546) 429)) 1280 423 370}, 910 759 
790| 281} 237) 553)  436)| 1290 426 373 | ; 917 765 
00800) .00284! .00240) 00560! .00442||.01300} .00429 | .00376 | : .00924 |.00772 
810| 287] 242) 568} 449]| 1310 431 378 932 778 
820; 290} 245) 575) 456)| 1320 434 381 939 785 
830} 293} 248 582) 462|| 1330 437 384 946 791 
840| 296 251; 589)  469]) 1340 440 387 953 798 
850} 298} 253} 597| 475|| 1350 443 389 | . - 961 805 
860| 301) 256) 604) 482|] 1360 446 392 968 | 811 
870} 304) 259 611} 489/| 1370 449 395 975 818 
880| 307} 261; 619)  495]| 1380 452 397 983 824 
890} 310) 264) 626) 502|) 1390 455 400 990 831 
00900! .00313| .00267} 00633) .00508||.01400} .00457 | .00403 | -.00997 |.00838 
910| 316; 270) 640) 515); 1410 460 406 1004 844 
920} 319) 272) 648) 521)| 1420 463 408 1012 851 
930| 322| 275) 655) 528|| 1430 466 411 1019 | 857 
| 940} 325) 278) 662} 535|| 1440 469 414 1026 | 864 
950| 327) 280) 670) 541|| 1450 472 417 1033 870 
960| 330) 283} 677) 548|| 1460 475 419 1041 877 
970) 333] 286] 684| 554)| 1470] 478) 422) 1048 | 884 
| 980| 336) 289] 691) S61|| 1480 481 425 1055 | 890 
990} 339] 291) 699) 568]| 1490 483 427 1063 897 
01000) .00342| .00294! .00706) .00574||.01500} .00486 | .00430 | ..01070 |.00903 
.01500} .00486) .00430} .01070} .00903)|.02000| 1.00631 | .00566 | .01434 | .01233 
1510} 489} 433) 1077} 910)| 2010 634 569 | . 1441 | 1239 
1520} 492) 436] 1084) 917|| 2020 637 572 1448 | 1246 
1530} 495] 438] 1092) 923]) 2030 639 574 1456 | 1252 
1540} 498] 441) 1099) 930)| 2040 642 577 1463 | 1259 

1550} 501} 444) 1106 936|| 2050 645 5380 1470 | 1266 





























1560| 504) 446) 1114) 943)! 2060 648 583 1477 | 1272 
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TaBie 2 (Continued) 
ne-nc|nc-na’| mp-nc| np-nping’-nF|| ne-nc| nc—na' | mp—nc | ne—np |nc!—np 
1570} S07] 449] 1121} 949)| 2070 651 585 1485 | 1279 
1580} 509} 452) 1128) 956]| 2080 654 588 1492 | 1285 
1590} 512} 455} 1135} 9631] 2090) 657 591 1499 | 1292 
.01.600} .00515} .00457| 01143} .00969)| 02100} .00660 | 00593 | .01507 |.01298 
1610} 518} 460) 1150} 976) 2110 663 596 1514 | 1305 
1620} 521) 463} 1157} © 982|| 2120 665 599 1521 | 1312 
1630} 524) a 1164) — 2130 668 602 | 1528 | 1318 
1640} 527 1172 2140) 671 604! 1536 | 1325 
1650} 530} 471) 1179} 1002)| 2150 674 607 | 1543 | 1331 
1660} 533) 474) 1186} 1009] 2160 677 610} 1550} 1338 
1670} 535} 476, 1194) 1015|| 2170) 680 = | 1887 | 1345 
1680} 538} 479) 1201) 1022/| 2180 683 |: 615 | 1565 | 1351 
1690} S41} 482) 1 1028)| 2190 686 618 | 1572 | 1358 
01700} .00544] 00485) .01215)'.01035/|.02200| .00689 | 00621 | .01579 |.01364 
1710| 547} 487| 1223} 1042/| 2210 691 623 | 1587 | 1371 
1720; 550} 490) 1230} 1048/| 2220) 694 626 1594) 1377 
1730} 553} 493) 1237) 1055]} 2230) 697 | 629 | 1601 | 1384 
1740} 556) 495} 1245} 1061|| 2240 700 | 632 1608 | 1391 
1750} 559} 498] 1252] 1068|| 2250 703 | 634} 1616} 1397 
1760} 561} S01} 1259) 1075|| 2260 706 | 637 | 1623 | 1404 
1770, 564) 504} 1266, 1081]| 2270 709 640| 1630) 1410 
1780} 567; S506; 1274) 1088|} 2280) 712 642} 1638 | 1417 
1790} 570; 509} 1281) 1094} 2290) 715 645 | 1645| 1424 
01800} .00573} .00512} .01288] .01101)] 02300} 00717 | 00648 | .01652 | 01430 
1810} 576, S15} 1295} 1107]| 2310 720 | 651} 1659) 1437 
1820} 579} $17) 1303} 1114] 2320) 723 | 653 | 1667 | 1443 
1830} 582} 520) 1310) 1121}) 2330 726 | 656, 1674) 1450 
1840} 585} 523) 1317) 1127/| 2340 729 | 659 | 1681 | 1456 
1850} 587) 525) 1325} 1134|| 2350; 732 | 661 | 1689 | 1463 
1860} 590} 528) 1332] 1140/| 2360) 735 664| 1696 1470 
1870} 593} 531) 1339] 1147|} 2370) 738 667 | 1703) 1476 
1880} 596) 534) 1346} 1154]| 2380) 741 670 | 1710) 1483 
1390] 599] 536] 1354] 1160]] 2390] 743 672| 1718 | 1489 
01900} .00602] .00539} .01361| .01167]|.02400} .00746 | .00675 | .01725 |.01496 
1910} 605} 542) 1368 1173]| 2410) 749 678 1732 | 1503 
1920} 608} 544) 1376] 1180)| 2420 752 681 1739 | 1509 
1930} 611) 547] 1383) 1186]| 2430) 755 683 1747 | 1516 
1940} 613} S50} 1390] 1193) 2440 758 686 1754 | 1522 
1950} 616} 553} 1397| 1200}) 2450 761 689 1761 | 1529 
1960} 619} 555} 1405] 1206) 2460 764 691 1769 | 1535 
1970} 622} 558) 1412) 1213)) 2470 767 694 1776 | 1542 
1980} 625} S61; 1419} 1219)| 2480 769 697 1783 | 1549 
1990 628} 564, 1426} 1226|| 2490 772 700 1790 | 1555 
.02000} .00631} .00566| .01434| .01233}|.02500} .00775 | .00702 | .01798 |.01562 
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TABLE 2 (Continued) 




















NF-ACIC-MA'| RD-HC| MF-MD|nG-—"P|| BF-RC nc—na’ np—nc | np—np |ng' —npr 
02500) .0075) .00702 01798 01562|| 2760) 850) 773 1987 | 1733 
2510, 778 705| 1805) 1568) 2770} 853 776 1994 | 1740 
2520, 781} 708; 1812) 1575|| 2780, 856 779 | 2001} 1746 
2530] 784] 710 1820 1582|| 2790 859| 781} 2009] 1753 
2540| 787, 713, i827) 1588).02800) .00862 | .00784 | .02016 |.01759 
2550, 790} 716, 1834) 1595|| 2810 865 787 | 2023 | 1766 
2560, 793} 719) 1841) 1601|| 2820, 868 789 | 2031. | 1773 
2570} 795} 721) 1849) 1608|) 2830) 871 792} 2038} 1779 
2580} 798) 724 1856, 1614)) 2840) 873 795 2045 | 1786 
2590) 801} 727) 1863) 1621) 2850} 876)  798|  2052| 1792 
02600} .00804| 00730} .01870| 01628), 2860, 879}  800| 2060} 1799 
2610} 807, 732) 1878, 1634|| 2870 882 803 | 2067 | 1805 
2620, 810| 735; 1885) 1641) 2880, 885 806 | 2074 | 1812 
2630| 813| 738| 1892) 1647|| 2890, 888) 808) 2082] 1819 
2640, 816, 740) 1900! 1654||.02900| .00891 | 00811 | .02089 |.01825 
2650| 819} 743| 1907| 1661|| 2910} 894 814| 2096} 1832 
2660| 821) 746) 1914, 1667|| 2920; 897 817 2103 | 1838 
2670, 824) 749) 1921) 1674)) 2930) 899 819 2111 | 1845 
2680| 827) 751) 1929 1680) 2940) 92 821| 2118] 1852 
2690, 830; 754, 1936, 1687) 2950} 905 824| 2125) 1858 
02700} .00833) 00757) .01943|.01693|, 2960) 908 827 | 2132 | 1865 
2710, 836} 759 1951) 1700) 2970 911 830} 2140) 1871 
2720; 839} 762) 1958 1707|| 2980 914 833 | 2147 | 1878 
2730} 842) 765) 1965, 1713), 2990) 917 836 2154 | 1884 
2740| 845) 768, 1972) 1720)|.03000, .00920 | 00838 | 02162 |.01890 
2750, 847, 770; 1980, 1726)| | 











The foregoing refractive indices and partial dispersions may 
serve as a datum surface to which to refer the partial dispersions 
of any given glass. Each one of the partial dispersion values of 
table 1 is the arithmetical mean of the values of 158 different 
glasses listed by Chance Bros., by Parra-Mantois, and by Schott 
und Genossen. In these lists the predominating influence of the 
flint glasses cannot easily be avoided, but for general purposes 
this is not a drawback. 

In order to test the accuracy of table 2 and at the same time to 
interpret the partial dispersions of a given glass in terms of the 
average dispersions, all the partial dispersions of the glasses listed 
by Parra-Mantois were compared with the corresponding partial 
dispersions of table 2. The results are given in table 3. In this 
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table there is listed in column 1, the refractive index of the glass; 
in column 2, its mean dispersion, mp—mc; in column 3, the differ- 
ence between the partial dispersions, (n-—m,') glass and (nmp—n,') 
table 2 corresponding to the given mean dispersion, mp—mc, of 
column 2; in columns 4, 5, and 6 the corresponding differences 
between the partial dispersions, m»—mc, mp—Mp, and ng’ —n,z of 
glass and table 2 are listed. These differences represent the 
numerical departures of the given glass from the average type of 
glass of table 2. 
TaBLe 3 
Partial Dispersion Differences 









































Fluor crown | 
Mp | mP-nc|C-A’| D-—C|F-—D | G'—F | np |nF nc\C-A") D-C| F—D\G’—F 

1. | 0.0 jxt0* | x10° | 210° | 210° | 1 0.0 

| 8 | | _—EEE ——E—E 

4933 | 0706 |-2| -—2| +2| +9 | 5117} 0851/-1| —2| 2 3 
4711 | 0702 |-4| -—4| +2 | +12 | 5102 | 0856|-2) -2 | : 6 
4637 | 0707 | -4| -—3| +3] +12 | 5122 | 0865 | —2 | sd Sa, 
GS ES Ee a See ee ee ee ee 
Average 5179 | 0859|/+2} -2| 2| 6 
departures |—3 | —3| +2) +11 | 5220 | 0868 —1| -2] : 2 
Borosilicate crown 5129 pases res 2] a 
——_— | $131 | 0853|-3| -2) 2] 4 
soe | S| 2) Fl 41 ston} osszj-s| -4| 4] 5 
too lores| 3| ca) ct. | 397 | 080 |-1| -3 | 3} 3 
tue 2 ; : ~ | 5262 | 0883 | —2 0; 0 3 
~ | > | Sis8|0873;-4| -2} 2] 7 
ieee) f) 8 8. SS ielemi-s| ~«) 41 6 
4718 | 0721|-2| -1 1 6 | si71 | ogss|—3| -1| | 5 
; 4 aes . | 0885 | —3 | | i 
4760 | 0728 | 5) -2 2/ 51 s5203|0898/-s| o|] o| 3 
4728 | 0727 | as —1 1| 9 5138 | ogg9|—3| —2 2 | 4 
S176 | C80 | 7) =O) 9) =6 | si96 | opos|—3| -2| 3] 7 
$102 | 0794) 1) —1 1 8 | 5151 | 0006/-3| -1| 11 6 
5146 | 0811 | —1 0; ©) 21 5106|0890|-2| -2] 2] 5 
ee 8 | | | 5199 | 0909}-s| -3| 3) 7 
departures |+2| —1 +1| +6 | 5150 | 0917 | —3 } -1| 1 3 
Crown glasses | S010 | 0886/ 1) O| O| 1 
5054 | 0783| 6] -1| 1| 5 | 5129} 0932) 0| -3 | 3} 8 
5261 | 0854; 0| —1 1} 2 1|5179|0951| 2} O| O| 6 
5303 | 0869 |-1| ~2 2} © |5142|0047/-s| -1} 1] 3 
5214 | 0856| O| 1 1 2 | 5202! 1014; 1| -1 | (oe 
$442 | 0926; 1| 1 1 2 | 5211 | 1025|-2| -2} 2| 3 
$007 | 0822/-S| 2] 2| 6 | 5230| 1035|-2| ~-2 ik 
503s | 0830|-4| -4| 4| 6 | s2s1\0050| o| -2| o| 5 
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TABLE 3 (Continued) 










































































np |np-nc\C-A"| D—C F—D|G'—F| nD np-nc|\C-A’ D—C|F-—D\ G’—F 
1. | 00 | | 1. | 00 | 
5266 | 0971 |-3| —1 1 4 | 6150 | 1113 | 1 1| -1| —8 
5307 | 0999 | —1 0 0 4 | 6028 | 1202| 3| —1 1} —S 
$310 | 1003 |—-1 | —3 3 2 | 6065 | 1234) 1) -1/ 1) -7 
5353 | 1014|-3| —1 1 1 | 6246 | 1098) 5 2| —1,| —12 
5327 | 1015 |-—4| —1 0 1 | 6314 1165 | 4 2} —2] -15 
5377 | 1037 |-2| —2 2 1 | 6377 | 1194) 5 0 0| -11 
5365 | 1042] O| —2 2 4| 6227/1177} 2) 2] —1| —10 
. $481 | 1122|—2| —1 2 5} 6169) 1181) 4) O| oO] -9 
——-'- —-— |- —| 6337 | 1239 | § 2] —2]| —10 
Average | 6237 1390; 0} 0 o| -8 
departures | —2 =a +2 | + 4 6495 | 1393 | 3 | 4| —4| —13 
“2 Barium crown | 6491 | 1418 | 0 | ? —1 | —10 
5400 | 0893] 0] —1| 1| 1 | %76| 1469 | 8] $| -t]/-8 
5379 | 0898 | 1 -1 1 0 ® ee = Fes os 
5387 | 0904 | 1 3 3; —1 | pees Lie | - . 
. 5097 | 0988} 3] 3 Ie) 454 5 od 
5707 | 0993 | ~1 0 0; —S| Flints 
5738 | 1000} 0 1 1) —S| 5174 | o13| 3/ 2| -2| oO 
5682 | 0994 0} 0 0| —4 | 5075 | 0933} 2 | -3 o| -1 
5734} 1003/-1| 0) 0| —4| 5210 | 062} 3| 0| 0| 0 
5778 | 1021 | —1 | 4) —4| -3| 5220] 0970) 7| ~2 2) 0 
5888 | 0966} 10) 1 1} —8 | $274 | 0980; 4] 1/ -1| 2 
5001 | 0971 | 3/ 1 1| —8 | $207 | 1006| 3 | ei ee! —2 
6082 | 1036 | 5 | 1 1 10 | 5230} 1019} 7} —2/ 2] -2 
6087 | 1041; 9] 1 1| —9| 5293 | 1073 | 5} oO} O| -1 
6126 | 1048 | 3 4| —2| -11]| 5339] 961/-1/ -3} 2] 0 
6115 | 1047 | 6 2| —2) —10| 5408 1133) 0] -1} 2] 3 
6110 | 1047 | 7 2 2 | —10 | 5495 | 1199; O| -2 2} 2 
6129 | 1052 | 3 2 2 | —11 | 5585 | 1230}-1| -2 ss 8 
6123 | 1067 7 2 2} ~—8/| 5510|} 1216} 0}; Oj O 3 
6103 | 1071 | 4 1} -1| —9|5619/1288/-3| o}] oO} -1 
6087 | 1070 | 4 2 2 | —9 | 5683 | 1308 } 2] -1] a] 2 
5009 | 1059 | 3 2 2) -S| Soro] 1327} 1) -1| 1) 2 
0087 |1075| 6| 1 2) —8 | 5750 | 1346 | —2| 0 1} 0 
6123 | 1084; 7| 1 1 | —11 | 5781 | 1366; 1} -1|) 1] 0 
6137 | 1087 | 4| 2 2, —10 | 5877 | 1401} 1 0 0} 2 
6138 | 1089} 3| 2/| —2| 9] 5870 | 1433 }-1} -2| 2] 2 
O44 | 1073} 4) 1 1} -8 | 5742} 1340) 1] -1] 1] 3 
oo2s | 1072} 2] 1| -1| —8| seai | 1382 | ~1 1} —-1] 1 
oosi | 1083 6| 1{| -1| —8|5795|1379| o| —1 | a} -1 
6098 | 1092 | 3 1} -1| -8| 5768 | 1380 | —2 0; o}| 1 
6115| 1100} 1| 1] —1| —10 | sszg | 1401] 1/ -1|) 1] —1 
6145 | 1108] 1 2| —2| —11 | 5808 | 1388| 0 0| o| oO 























396 








F. E. Wricut 








TABLE 3 (Continued) 








paw pare ce Oe. 
1 | 
1 | 


np |\np-nc|C-A’ 

1. | 00 | 
A  — | 
5762 | 1390 | 0} -1 
5838 | 1416/ 4] -1| 
5863 | 1370; 2) 4 
5783 |.1409/ 0| 1 
$821 |" 1437 |-1 | 1) 
5843 | 1450|-2| —3| 
6020 | 1493 | 7 | 1 | 
6049 | 1583 | 3 | =2 | 
6063 | 1591 |-2| -1 
6093 | 1619; 1| ~2 
6096 | 1623| O| -1)| 
6117 | 1635| 2/ oO 
6132 | 1658 | 3 0 
6173 | 1669 | 0 1 
6185 | 1641 1 | 1 
6207 | 1602; 1| -1} 
6258 | 1709; 2) 0 
6235 | 1706 | —1 0 
6277 | 1722! 0 1 | 
6284 | 1728 | 3 1 | 
6303 | 1740 | -1 2 | 
6143 | 1671 | 0 0 | 
6171 | 1691 | 0 1 
6187 | 1701; 1) 1 
6210 | 1721 | —1 1 | 
6229 | 1734) 2) -1 
6492 | 1878; 2/ 1 
6456 | 1898 | 1 0 
6461 1911; 1/ -1 
6487 | 1921 | 2 1 | 
6514 | 1951 |-1| -1 
6660 | 2009|-1/) 0 
6923 | 2219 | —2 2 
6958 | 2243/ 1/ —1 
6960 | 2253|-2| 0 
7184 | 2488 |-3| 0 
7453 | 2675 |-2/| 0 
7540 2803 |-9 | -1 
7784 | 2929 | —4 | —1 
Average 

departures 1 | 0 | 
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—1 


0 


i 


0 | 


Borosilicate flints 





| mp |mP mc|C-A") D-C | F-D 


0 | 


Nw Nw 





| 0.0 | 
| eae Se Ie | 
4) 5401) 1050; 9| 0} 
~! | 5348 | 1047 | 10 2) -2 
0) 5465} 1085; 1) O}] 0O 
—2 | 5524/ 1122/ 9] 0] 
0) 5571 | 1149) 11) Of 
~3 | 5680/1216) 2} oO} 0 
KS $805 | 1311 | 3 1]; -1 
"6 hee ee ——}— - 
—2 Average de- | 
i partures 1 +5 0 | 0 
—1 Barium flints 
ore ; ae Se 
—4 | $469 | 1022 ;-1| -2| 
0 | 5484 | 1029 0 —1 | 
—3 | $518 | 1099 1-2) —2!/ 
—2 | 5503 | 1041 |-4|) -1 | 
—1 | 5486 | 1044 | —2 0; of} 
—3 | 5516 | 1051 |-1]| —3 
—2 | 5637 | 1016 | —8 3 3 
1 | 5684 | 1029 | —5 0; oO 
© | 5812 | 1082) O| 1 1 | 
0 | 5680 | 1067 | —3 0; oO 
—2 | 5682 | 1078 |-4/ -1/] 1 
—1 | 5731 | 1104 | —2 0| oO 
—3 | 5546; 1071; O} -1/| 1 
0 | 5667/1106) O;| —1 | 1 | 
1 | 5641} 1119/-2; -2/] 2 
1 | 5779 | 1168 | —4 0 | 0 
1 | 5561 | 1159 | —6 0 | 0 | 
—2 | 5802 |-1265 | —3 —1 | 2 
1 | 6050 | 1376 —3 -1) —1 
1 | 6057 | 1388 | -1 1 | 1 
3 | 6032 | 1438 | -1 1 1 
2 | 6250 | 1610 3 0 0 
10 | 6259 | 1621 1 1 1 
14 | 6605 | 1827 | —1 2 —2 | 
11 -—— — —|- 
| Average 
departures | —2 0 | 0 
0 


[J.0.S. A.V 


In table 3 the several types of optical glasses are treated 
separately in order to indicate their individual traits clearly. 
Thus the ordinary flint glasses depart but little from the average 
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type and the partial dispersions of table 2 are valid for flint 
glasses within a few units of the fifth decimal place. The boro- 
silicate flints on the other hand show an increased partial dis- 
persion in the red and a decreased partial dispersion in the blue 
end of the spectrum. The barium flints exhibit small decreases 
both in the red and in the blue. Both barium flints and borosili- 
cate flints are characterized by higher refractive indices than the 
ordinary flints for the same mean dispersion. The barium crowns 
show an increase in refringence relatively in the red and an 
appreciable decrease in the blue. In the borosilicate crowns there 
is a slight increase both in the red and in the blue. In the ordinary 
crowns there is a slight decrease in the red and a slight increase 
in the blue. The fluor crowns are remarkable for the relatively 
large increase in the blue with slight decrease in the red. 

The data in table 3 demonstrate clearly the conclusions stated 
in the first paper of this series, namely that there is a general course 
of dispersion throughout the visible spectrum which is character- 
istic of colorless substances, especially glasses, such that if any 
two refractive indices are given, or even a single partial dispersion, 
the dispersion curve is fixed for the entire visible spectrum. Slight 
departures from this curve due to peculiarities in chemical com- 
position occur, but these are commonly restricted to the fifth 
decimal place. So long as the glass remains colorless there is 
little hope of changing these relations. 

The chief optical differences in glasses are not differences in 
the character of the dispersion, but in the fact that two glasses 
may have the same dispersion relations and yet have appreciably 
different absolute refractive indices. In a dispersion formula 
both refringence and dispersion should be specifically recognized ; 
the first as a constant giving the datum level of refringence and 
the second as a function of one or more terms expressing the run 
of dispersion throughout the visible spectrum. These conclusions 
follow directly from the analysis of the linear relations which 
have been shown to exist between the partial dispersions of a series 
of optical glasses. They prove that a rise in the partial dispersion 
at any part of the spectrum is accompanied by a corresponding 
rise in partial dispersions over the entire visible spectrum.’ 
GEOPHYSICAL LABORATORY, 


CARNEGIE INSTITUTION OF WASHINGTON, 
Wasurincton, July 20, 1921 











ABOLITION OF ASTIGMATISM OF OBLIQUE BUNDLES 
IN CASE OF A SINGLE LENS 


BY 


James P. C. SouUTHALL 


1. SO-CALLED ““PUNKTAL” SPECTACLE LENS 

The determination of the form and dimensions of a single lens 
which, for a prescribed refracting power (F) and for a given 
position of the object, shall be free from astigmatism of oblique 
bundles of rays, is an optical problem of considerable practical 
importance for a number of purposes; on which therefore much 
has been written, particularly of recent years in connection with 
the investigation of the most satisfactory forms of modern 
spectacle lenses. Among those who have made notable contribu- 
tions to this special phase of the problem may be mentioned 
Tscherning, Percival, Ostwalt, von Rohr and Gullstrand. Perhaps 
now more than ten years ago, the Zeiss Optical Company placed 
on the market a form of spectacle lens called the “Punktal”’ 
calculated and designed by von Rohr; which is also made in this 
country by the Bausch & Lomb Optical Company. 

The curvatures and thickness of the ““Punktal’”’ lens depend on 
the power of the glass, which means that it is expensive to manu- 
facture and consequently has not yet come into very extensive 
use. There is no particular theoretical difficulty about designing 
a lens of this type; in fact the necessary formulae have long been 
known. The chief difficulty in the way of its practical realization 
consisted perhaps in recognizing the essential fact that the centre 
of rotation of the eye (and not, for example, the centre of the 
pupil) was the point of reference in this particular optical combi- 
nation which was the effective point for the determination of the 
chief rays of the oblique bundles which it was the business of the 
lens to render stigmatic before they entered the eye. 

For positive lenses of powers higher than between 7 and 8 
dioptries, the theory shows that no form of “Punktal’’ lens is 
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possible; and for such higher powers of positive spectacle lenses 
as are needed, for example, in cases of very high hypermetropia 
or of aphakia (when the eye has been operated on for cataract), 
Gullstrand has designed a lens with an aspherical surface which is 
made by Zeiss under the name of ‘“‘Katral” lens. As heretofore 
comparatively little has been published in English about the 
so-called “‘Punktal” lens (or about similar types of lenses made 
by other manufacturers), the following notes may be of interest, 
especially if they lead to criticism and discussion on the part 
of such workers in the optical research laboratories as have been 
engaged recently in studying the properties of this important type 
of spectacle lens. 

In ordinary direct vision the eye is mobile and turns almost 
involuntarily to look at the point of fixation which is sharply 
focused on the retina in the fovea centralis. The lines of fixation 
(which show the direction in which the eye is gazing) all pass 
through a fixed point called the eye-pivot or centre of rotation of 
the eye (designated always hereafter by Z’) which may be assumed 
to lie on the optical axis of the eye at a distance of 13 mm beyond 
the vertex of the anterior surface of the cornea. In general, 
therefore, the optical axis of a mobile ametropic eye corrected 
by a spectacle glass will not coincide with the optical axis of the 
correction-glass; and consequently a spectacle glass which may be 
all right when used centrally will usually show astigmatism when 
the eye turns in its socket to look obliquely through the lens. In 
order to see distinctly through the glass, no matter how the eye 
turns behind it, the form of the lens must be specially designed 
so that the astigmatism of oblique bundles of rays is abolished. 
Practically, the problem amounts to computing the form of the 
lens for the case of a small rear stop placed beyond it with its 
centre at the place where the centre of rotation of the eye would 
be when the lens is in use in its right position in front of the 
eye; so that within a certain field of fixation corresponding to the 
angular movement of theYeye-ball the astigmatism of oblique 
cylindrical bundles of incident rays will be abolished by the lens 
and delivered to the eye as if they emanated, really or virtually, 
from a point lying approximately at least on the so-called “far 
point sphere” of the mobile eye. 
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The distance between the eye and the nearer surface of a 
correction-glass (measured from the vertex of this surface to the 
vertex of the anterior surface of the cornea) should ordinarily be 
not less than about 12 mm. Thus, if the vertices of the two 
surfaces of the lens are designated by A, and Az, then the distance 
AZ’ should generally be not less than about 25 mm; although 
it may be as great as 30 mm. However, within these limits, a 
smaller value of this distance is usually better for two reasons, 
first, because the astigmatism of a lens with a rear stop is more 
easily corrected in this case, and , second, because the nearer the 
centre of rotation of the eye is to the correction-glass, the smaller 
the diameter of the lens will have to be for a given angular excur- 
sion of the eyeball; which means that the spectacles may be made 
both smaller and lighter, as is always desirable. 


2. NOTATION 

The form of the required lens (that is the curvatures R,, R: of 
its two surfaces and its axial thickness d=A,A:) will depend on 
its refracting power (F), the place of the object, the distance of 
the stop, and of course also the index of refraction of the glass (n). 
If 

F,=(n—1)R,, F2=—(n—1)R:, 
denote the refracting powers of the two surfaces of the lens, then 
F=F,\+F,—c F, F:, (1) 

where c =d/n denotes the ‘“‘reduced”’ thickness of the lens. If the 
principal points of the lens are designated by H, H’, then A,H = 
c F./F and A,xH=-—c F,/F. Moreover, let z,z’ designate the 
positions on the axis of another pair of conjugate points, one of 
which is to be regarded as the centre of the small stop. If the lens 
is a spectacle correction-glass for an ametropic eye, the point Z’ 
(as already explained) must be chosen to coincide with the centre 
of rotation of the eye, and in this case the calculation must be 
made, therefore, for a lens with a rear stop with its centre at Z’, 
Now if we put z=1/Z=HZ, 2 =1/Z'’=H’Z’, then Z’=Z+F. 
The distance of the object from the lens may be denoted by 
u,;=1/U,; and since it will be assumed that the object is at an infi- 
nite distance (as is always the case for a so-called correction-glass 
in spectacle optics), we shall have U, =0. 
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From a point of the object which is not on the axis there will 
proceed a narrow cylindrical bundle of incident rays, the chief 
ray being the one which is directed towards the point Z. After 
passing through the lens this chief ray will cross the axis at a point 
Z” which will usually be not far from the point Z’ and which 
would actually coincide with Z’ if the lens were free from spherical 
aberration with respect to the pair of conjugate axial points Z, 
Z’. After emerging from the lens the narrow bundle of rays will 
generally be astigmatic, that is, the so-called meridian (or tangen- 
tial) rays will intersect (‘‘really” or “virtually”) at a point P’ 
on the chief ray, whereas the sagittal rays will focus at another 
point Q’ on this same ray. The interval P’Q’ is called the “‘astig- 
matic difference’ of the bundle; and in the special case when Q’ 
coincides with P’, so that the astigmatic difference vanishes, the 
bundle of emergent rays will be stigmatic or monocentric; and 
the lens may be said to give a punctual image of the object. This 
is what is meant here by abolishing the astigmatism. 

3. CASE OF AN INFINITELY THIN LENS 

As is always the case with a problem of this kind, the investiga- 
tion will be greatly simplified provided it is permissible to neglect 
entirely the thickness of the lens; that is, to regard the points 
designated above by A, Az, and H, H’ as all coincident at the 
optical centre of the lens. In a spectacle lens this simplifying 
assumption is not very far from correct, although it is less per- 
missible in modern meniscus forms of lenses than in the older forms 
of spectacle lenses. Now according to Seidel’s famous approximate 
expressions for the spherical aberrations of an optical system,' 
the condition of the abolition of the astigmatism of oblique bundles 
of rays for an infinitely thin lens and an infinitely distant object 
may be expressed by an homogeneous equation of the 3rd degree 
in which the variables are the magnitudes denoted above by the 
symbols F, F,, and Z’ and the coefficients are functions of the index 
of refraction (n). This equation may be written as a quadratic 
in F,, as follows: 

a F?+8F,+7=0, (d=0, Ui:=0); (2) 





* See, for example, Southall’s Mirrors, Prisms and Lenses (The Macmillan Com- 
pany, New York, 1918), Article 193 
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where 


n+2 2(n+1) 
= F, =— mma 90 
" n(n—1)? 6 * PT eal al id 


(4 +z) F. 
n-1 


Accordingly, for given values of F and Z’, two values of F, may 

be found which will satisfy this equation, namely: 

= (0+2)F+2(nt—1)2' + V (n+2)(2—3n)P—A(n— Nn +2) FZ’ +4(n— 192" 
2(n+2) 

The refracting power of the other surface will be F;=F—F,. 

In the case of a spectacle correction-glass, the actual values of F, 

are found to be positive always and those of F; negative; so that 

the form of the required lens (whether convex or concave) is of 

the meniscus type (except in one special case mentioned below, 

when the lens is planoconcave). 

For a given value of Z’ (for example, when z’=25 mm or Z’ 
= 40 dioptries) the quadratic equation with variables F and F,, 
referred to a system of rectangular axes with these variables as 
coérdinates, will be found to represent an ellipse which is tangent 
to the F-axis (abscissa-axis) at the point F= —(n—1)Z’, F,=0. 
The form of lens corresponding to this special point on the curve 
is therefore planoconcave. Except at this point, the ellipse lies 
wholly above the abscissa-axis, and hence (as was stated above, 
assuming that Z’>0, as it must be for the case of a rear stop), 
the form of the lens is invariably that of a meniscus. The co- 
ordinates of the centre of the ellipse are: 

2(n—1)? 2n? 
- , +———2 
3n—2 (n+2)(3n—2) 
and the squares of its semi-axes, major and minor, will be found 
by dividing 2n*(n—1)*Z’ by 
(n+2)(3n—2) | n+-(n+2)(n—1)*+ V/n*+(n—1)(n+2)(n?—4n+4) }. 

Thus, for a given value of Z’, there may always be found two 
real values of F, corresponding to each value of F comprised 
between the limits of the two extreme values of F, namely: 


pa 2D (gran hz, 
n+2 
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the upper sign corresponding to the highest possible positive 
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value of F and the lower sign to the extreme negative value. For 
example, for n= 1.52, the two extreme values are F = +0. 19452 Z’ 
and F = —0.6170 Z’; which shows that the range on the nega- 
tive side extends more than three times as far as on the positive 
side. Putting Z’=40 dptr., the limiting values of F are found 
to be +7.78 dptr. and —24.68 dptr. It may happen that the 
required power of the correction-glass is greater than this extreme 
positive value, as was stated above; and in such a case no form 
of so-called “‘Punktal” spectacle lens is to be had, and a ‘‘Katral”’ 
lens with an aspherical surface will have to be employed. On the 
other hand, the extreme negative value of F is more than sufficient 
to satisfy the requirements of a correction-glass with punctual 
imagery for the worst cases of myopia. 

As to the two solutions of the quadratic equation in F,, one of 
them gives a meniscus lens of shallower form than the other, and 
it is this shallower type that corresponds to the modern “Punktal”’ 
spectacle lens. The other more concave form is similar to the 
so-called “‘periscopic’”’ eye-glass which was recommended by Dr. 
Wollaston more than a century ago. 

If the magnitude denoted by Z’ is regarded as a variable pa- 
rameter, the equation aF,;?+ 8F,+~7=0 will represent a family of 
ellipses of similar character, as has been pointed out by H. Boege- 
hold in a paper published in 1920 in Zs. f. ophthalm. Optik, 8, p. 
10-16. These ellipses all have a pair of common tangents which 
intersect at the origin of the rectangular system of codrdinates. 
One of these tangents (as mentioned already) is the abscissa- 
axis itself which touches each ellipse at the point for which 
F=—(n—1)Z’, corresponding always to a comparatively high nega- 
tive value of F. The equation of the other common tangent to 
this family of ellipses is F;=n*F. This straight line touches each 
ellipse at a point whose coordinates are: 

n—1 


F= —Z’, F,=n'F, 
n(n+1)—1 


4. GENERAL CASE; WITH NUMERICAL EXAMPLES 


If, however, the thickness of the lens is taken into account, 
Seidel’s expression for the condition that a single lens of unit 
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refracting power (F =1), of refractive index n and of thickness 
d=n ¢, shall be free from astigmatism of oblique bundles for the 
case of an infinitely distant object, leads to the following formula 
arranged here as an equation of the 5th degree in F;: 
@F S— } ne(n+2)—2cSi:+1 | cF 
+ }¢ S—2(n%+n c+1)Si+n(2n%e+n c+2n+4) fc FP 
— } (n%e+2n c—n*+ 1c S2+2n(n?—2n*%e—n c—n—3)c S, 
+n(n%c?+4n*c+2n c+n-+2) to 
_ } n(2n?—2n*e—n c—2)e S2+2n(n'c?— nce +3n%e+n c—n?+1)S, 
—n*(2n%e+2n+1) | F, 
—n*} (n’?—2n%e+2n c+n?—2n+1)S;7 
—2n(n c—n+1)S:+n*} =0, (F=1,U,=0). (3) 
In this equation S,=1/s, where s;=A,Z denotes the distance of 
the point designated by Z from the first surface of the lens. The 
equation above does not contain the magnitude F, because it 
applies to the case of a lens of unit power. In order to obtain the 
corresponding solution for a lens of any power F, positive or 
negative, all the linear magnitudes (denoted by the small italic 
letters) must be divided, and all the reciprocal magnitudes 
(denoted by the capital italic letters) must be multiplied, by the 
given value of F. ; 
This equation may be arranged also either as a quadratic in S,, 
namely: 
{ (FA X)e+ (n—1) (nF, —Fyt+* )e—n(n-1)"} S$! 
+2} (FeQ—X+nF)CF,—(Fep—X+¥ F,)c+¥}S, 
—X(1—c F,)—c(1—c)(F2F—X)F,=0, (F=1, U,;=0), (4) 
or as a quadratic in c, namely: 
| (Fe—X)(Sit-Fi)?+2n S\F 4 
a (n—1)(Fy+nF,—n?—*)S342(F—X+ ¥ F)Si+F(Fe—2X) te 
—n(n—1)°S'+2Y¥ S:—X =0, (F=1, Ui=0); (5) 
where the symbols X and Y are employed as abbreviations for the 
following expressions: 
X =n} (n+2)F*—n(2n+1)F,+n'}, 


(6) 
¥ =n(n—1) | (n+1)F:—n*}. 


Equation (4) implies that if a lens is given completely (that is, 
if the magnitudes denoted by n, c and F; are known and F=1), 
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two positions of the narrow diaphragm may be computed for which 
the optical system will be free from astigmatism of oblique bundles 
for an infinitely distant object. 

Similarly, for a known value of n and for a given curvature of 
the first surface of the lens and for a fixed position of the stop 
with respect to this surface, equation (5) implies that there will 
be two values of the thickness (d=n c) of a lens of unit power 
which will satisfy the condition of freedom from astigmatism of 
oblique bundles for an infinitely distant object. 

If the absolute term of the quadratic in c, equation (5) above, 
is put equal to zero, the equation obtained is equivalent to the 
condition given by equation (2) for the case of an infinitely thin 
lens of unit power. 

(1) A numerical example will illustrate better than anything 
else the method of using these formulae. Suppose that it is 
required to determine the form of a spectacle-lens of refracting 
power F =4 dptr., made of glass of index n=1.52, which shall 
be free from astigmatism of oblique bundles for a prescribed 
distance of the centre of rotation of the eye from the correction- 
glass. This latter distance A:Z’, as we saw, must lie between 25 
and 30 mm, but the difficulty here consists in the fact that until 
the form of the lens has been ascertained, it is impossible to assign 
precisely the position on the axis of the corresponding point 
desigrated by Z; because what we really need to know is the value 
of s;= \,Z in order to substitute in equation (3) the value of S,;= 
1/s;. If we assume that 2’ =H’Z’=30 mm, that is, Z’ =1/z2’ = 
3344 dptr., then, since Z=Z’—F, we shall have Z=29% dptr. 
Now if we put S, equal to this value of Z, we shall obtain finally 
a value of A.Z’ which for a suitable lens-thickness will be com- 
prised between the limiting values 25 and 30 mm. It remains 
only to choose the value of the thickness of the lens which we shall 
take here as 3 mm (d=nc=0.003 m). All these values are for a 
lens of refracting power 4 dptr. Hence, before substitution in 
equation (3) the value of c above must be multiplied, and that of 
S, divided, by 4; thus, we obtain for substitution: n=1.52, 
S,=7% and log c=7.8973377—10. Evidently, the numerical 
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work is rather long and, laborious. If equation (3) is written in 
the form 
F+A Fi+B FA+C F2+D F,+E=0, 
we find finally with the above data: 
log A =2.1334844—, log B =2.6949651 —, log C =4. 8645063 —, 
log D=5.7627989+, log E=6.0085579—. 
The céefficients A, B, C, D and E having been determined, it 
remains now to ascertain the one root of this equation of the 5th 
degree which is applicable for our purposes. Under ordinary 
circumstances this would be a tedious task; but luckily it is com- 
paratively easy to find an approximate value of F; which will 
enable us to locate the exact value without much difficulty. For 
this purpose all we have to do is to substitute in equation (2) the 
values F =1, Z’ =(3344)/4=8% dptr.; whence we obtain for the 
shallower type of meniscus lens the approximate value: F, 
=2.78 dptr. (F=1, d=0). With this clue to aid us, it is now a 
comparatively simple matter to ascertain the root of equation 
(3) which we are trying to find and which turns out to be: 
F,=2.74162 dptr., (F =1 dptr.). 


Accordingly, for a lens of power 4 dptr., we obtain finally the 
following system of values: 
F = +4.00000 dptr., n=1.52, d=3.0000 mm, A,Z= +-34.0909 mm; 
F,=+10.96648 dptr, F.= —7. 10423 dptr.; 
Radii: r,;= +47 .4172 mm, r:= +73 .1959 mm; 
A,;H= —3.5054 mm, A;H’= —5 4111 mm.; A,Z’ = +27.2704 mm. 
The field of fixation of the mobile eye has an angular extent of 
from 50° to 60°, say. Consider a narrow cylindrical bundle of 
incident rays inclined to the axis of the lens at an angle of 28° 
as representing the outermost bundle. The chief ray directed 
towards the point Z emerges from the lens and crosses the axis 
at a point Z” such that Z’’Z’ = +0.78 mm; and the astigmatic 
difference of this outside bundle of rays as found by exact 
trigonometric computation is P’Q’ = —3.35 mm. 
The results of similar calculations by means of these formulae 
are given below for several other cases. 
(2) For the following arbitrarily assigned values, namely: 


F = +4.250 dptr., n=1.52, d=3.5294 mm, A;Z= +33 .6129 mm; 
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the computation gives: 
F,=+11.3645 dptr., F2= —7.2780 dptr.; 
Radii: r;=+45.8275 mm, r2=+71.4479 mm; 
\,H=—3.9765 mm, A,H’=—6.1941 mm, A:Z’ = +26.2118 mm. 
The spherical aberration along the optical axis for the chief ray 
of slope 28° is found to be ZZ’ = +0.7918 mm, and the astig- 
matic difference on this ray: P’Q’=,—3.2294 mm. 
(3) For the following arbitrarily ‘assigned values, namely: 
F = +6.0000 dptr., n=1.52, d=3.0000 mm, A,Z= +36.5853 mm; 


the computation gives: 

F, = +17.3130 dptr., F,= —11.7133 dptr.; 

Radii: r;= +30.035 mm, r.= +44.394 mm; 

\,H = —3.853 mm, A,H’ = —5 695 mm, A;Z’> +26.849 mm. 
The spherical aberration along the optical axis for the chief ray 
of slope 28° is found to be Z’’Z’ = —0. 297 mm, and the astigmatic 
difference on this ray: P’Q’ = —0.62 mm. 

(4) For the following arbitrarily assigned values, namely: 


F = +6.0000 dptr., n=1. 52, d=5.0605 mm, A,Z= +41. 1523 mm; 
the computation gives: 
F,=+14.0540 dptr., F.= —8 .4493 dptr.; 
Radii: 7; = +37 .0002 mm, r2= +61 .5432 mm; 
A,\H = —4.6884 mm, A,H’ = —7.7983 mm, A,Z’ = +28. 1539 mm. 
The spherical aberration along the optical axis for the chief ray 
of slope 28° is found to be Z’’Z’ = —0.0412 mm, and the astig- 
matic difference on this ray: P’Q’= —2.701 mm. 
(5) For the following arbitrarily assigned values, namely: 


F = +6.0000 dptr., n=1.52, d=6.1122 mm, A,Z = +41 .6667 mm; 
the computation gives: 

F, = +14.0540 dptr., F2= —8.5363 dptr.; 

Radii: r;= +37 .0002 mm, r2=+60.9165 mm; 

A,H = —5.7210 mm, A;H’ = —9.4190 mm, A2Z’ = +27 .4779 mm; 
The spherical aberration along the optical axis for the chief ray of 
slope 28° is found to be Z’’Z’ = +0.7731 mm, and the astigmatic 
difference on this ray: P’Q’ = —3.010 mm. 

(Note. As a matter of fact, numbers (4) and (5) above were 

computed by a different method from that explained under 
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number (1); which amounted to assigning in advance the value 
of F, and calculating the corresponding value of d by solving 
the quadratic equation in c, equation (5) above.) 
(6) For thé following arbitrarily assigned values, namely: 

F =—8.5000 dptr., n=1.52, d=1.7647 mm, A,Z= +23 .5294 mm; 
the computation gives: 

F,=+3.0627 dptr., F:= —11 6038 dptr.; 

Radii: 7; = +169.7828 mm, r:= +44.8130 mm; 

A\H=+1.5849 mm, A;H’=+0.4183 mm, A,Z’=+27.3945 mm. 
The spherical aberration along the optical axis for the chief ray 
of slope 28° is found to be Z’”’Z’ = — 1.7592 mm, and the astigmatic 
difference on this ray: 

P’Q’ = +1.0746 mm. 


Lack of space prevents any discussion of these results, but it is 
hoped that they will be useful not only as illustrating the method 
of calculation but also as affording a basis of future calculation 
of lenses of this character. 


5. CURVATURE OF THE STIGMATIC IMAGE 


The so-called “‘Punktal” spectacle lens is a correction-glass 
which is designed to give a punctual image of the infinitely distant 
object-plane. The image of this plane in the lens is a curved 
surface which crosses the axis at the second focal point F’ of the 
glass, which is likewise the position of the far point of the passive 
ametropic eye. The centre of curvature of this surface is a point 
on the axis which may be designated by K, such that F’K = —n/f, 
where f= 1/F denotes the focal length of the lens (whose thickness 
is assumed here to be negligible). The centre of the so-called 
“far point sphere” is at the centre of rotation of the eye, its radius 
being F’Z’. The image-surface is tangent to the far point sphere 
at F , but in general these two surfaces will not have any other 
point in common. The condition that the two surfaces shall 
coincide is that their centres K and Z’ shall be coincident; which 
means ‘that we must have f= —AZ’/(m—1), where A designates 
the optical centre of the infinitely thin lens. For n=1.52 and AZ’ 
= 30 mm, this condition gives f= —57.7 mm or F = —17.3 dptr. 
Accordingly, it may be concluded that the stigmatic image surface 
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of a ‘““Punktal” lens will coincide with the far-point sphere only 
for an unusually strong negative correction-glass. In general, 
therefore, the eye will have to make a little effort of accommoda- 
tion in order to see distinctly in oblique directions through a 
‘“Punktal” correction-glass. 

6. Merely as an additional note, it may be remarked here that 
the condition that an infinitely thin lens of refracting power F, 
placed in front of the eye at a distance z’=1/Z’ from the centre 
of rotation of the eye, shall give a punctual or stigmatic image of 
an object lying in the primary focal plane of the lens (as in the case 
of an ordinary magnifying convex lens or of a spectacle lens for a 
very aged person who has lost entirely the power of accommoda- 
tion) is as follows (U=U,=—F): 


ce pe x nt+2_ Fe 2n+1 FoF + Ot gp 0 
n—-1 iP” te” ”6—C Uh 








Negative values of F are excluded here, because if the object 
is in front of the eye, the lens must be positive. This equation 
also represents an ellipse which touches the F-axis at the point 
F=(n—1)Z’/n. The maximum value of F for n=1.52 is F,., 
=0.38158 Z’ =12.72 dptr. for Z’ = 331% dptr. 

DEPARTMENT OF Puysics, 


Cor_umBia University, New York, N. Y. 
July 9, 1921. 











ON TRACING RAYS OF LIGHT THROUGH A REFLECT- 
ING PRISM WITH THE AID OF A MERIDIAN 
PROJECTION PLOT 


BY 
F. E. Wricut 


In many optical instruments, especially for military purposes, 
prisms are used to change the directions of incident rays of light 
and thus to enable the observer to see around a corner or over 
obstacles, as in periscopes; or to invert or erect an image, as in 
field glasses; or to bring two images in juxtaposition, as in eye- 
piece prisms for range-finders. In many cases it is not an easy 
matter to follow the paths of the rays through a prism or a train 
of prisms, chiefly because the rays are reflected along different 
directions in space and these directions may become confused in 
the mind of the observer. Experience has shown that, as an aid 
to the visualization of spacial relations of this kind, projections 
are helpful and are in constant use in many branches of science, 
such as astronomy, geodesy, crystallography, and crystal optics. 
In the present paper the usefulness of projection methods in the 
study of reflecting prisms is emphasized and the mode of their 
application is.illustrated on some of the standard types of reflecting 
prisms. 

There are a number of different types of projection available; 
but for the present purpose the projection plot of Fig. 1 is probably 
the best. In this Postel or angle meridian projection both great 
and small circles of the sphere become oval curves resembling 
hyperbolas. They are drawn 2° apart. This projection is used 
in map work to represent the hemisphere; in it latitude and 
longitude, or polar distance (co-latitude) and azimuth are plotted 
as in other types of projection. The angle projection is preferable 
to the stereographic, the orthographic, the gnomonic, and other 
types of projection because its distortion over the entire field is 
less and the relative accuracy of different parts of the plot is more 
uniform. 

To apply this projection to prism work, consider each prism 
face to be represented by its normal, and this normal to pass 
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through the center of a sphere (projection sphere) of unit radius. 
Each prism face is thus reduced to a line (radius of the sphere) 
and this in turn becomes a single point in the projection. Similarly 
a ray of light is represented by a point in the projection. The 








Fic. 1. The Postel or angle meridian projection. In this equidistant zenithal projection the polar 
distances are directly proportional to the circular arc p and are plotted as x=p/90. The distortion of the 
polar angles is nil throughout, while that of the tangential azimuthal angles increases from angle true 
projection at the center to 7/2 to 1 at the margin. In this plot the angular distance between any two 
successive great circles or small! circles is 2° 


angle of incidence is then the angle included between two points 
in the projection; the angle of reflection is equal to the angle 
of incidence, and the reflected ray is in the plane passing through 
the two given points (great circle in the projection). 
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The usual method of using the projection plot (Fig. 1) is to 
place a sheet of thin paper over the plot and to make all measure- 
ments on this sheet which is held in position by a needle point 
passing through the center of the projection plot. About this 
needle as axis the sheet of paper can be rotated; the angular 
distance between any two points can thus be read off directly on 
the great circle passing through the two points. 

The mode of application of the projection plot is best shown 
by concrete examples of the different types of prisms, such as 
prisms with one reflecting face, with two reflecting faces, and 
with three or more reflecting faces. 





Fic. 2. Perspective drawing (6) and corresponding projection plot (¢) illustrating paths of rays 
through a right angle reflecting prism. Thus the ray /, incident at an angle of 45° with the reflecting face 
P, emerges along R,’ which is perpendicular to the ray /,; the refracted ray I, incident upon P, is reflected 
along Ry’ ; the refracted ray J; incident upon P; is reflected along R,’ to Ps whence it is reflected along R:” 
which is perpendicular to J, (fig. 2b). In the projection a point represents a ray traveling toward the 
center of the projection sphere; a small circle represents a ray traveling away from the center. 


PRISM WITH SINGLE REFLECTING FACE 


Let the direction of the ray incident on the reflecting face be 
the zenith or center /, in the projection (Fig. 2b). Let the normal 
to the reflecting plane be represented by the point P, of Fig. 2a. 
The plane of incidence is then the east-west plane and the angle 
of incidence is the angle /,P,; the angle of reflection is then 
P,R,' =1,P, and this can be read off and plotted directly on the 
thin paper above the projection plot of Fig. 1. In this plot the 
angular distance between two successive great or small circles is 
2°. In Figs. 2 to 8 the normal to a reflecting surface and also 
the direction of a ray proceeding toward the center of projection 
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are indicated by a single point; the normals to reflecting surfaces 
which point below the horizon and also the directions of rays 
traveling away from the center of projection are indicated by 
small circles. 

In case the angle of incidence is 45°, the reflected ray traverses 
the horizontal axis of the projection and is perpendicular to the 
incident ray. In case rays from an object of appreciable angular 
extent are reflected, the angle of incidence varies within certain 
limits, but for each ray its angle of incidence is equal to its angle 
of reflection. This is simply another form of statement for the 
fact that the reflecting plane functions as a plane of symmetry 


ee, 


Fic. 3. Perspective drawing (6) and corresponding projection plot (a) illustrating paths of rays 
through a right angle reflecting prism of the Porro type. The incident ray J, is reflected by P; along 
R,’ and this in turn is reflected by P: along R,’’, which coincides in direction with I;. Similarly for the 
incident ray J; and the reflected rays R: and R:’’. This prism is of the constant deviation type and has 
the effect of rotating the image through 180° 


between incident rays and reflected rays. From these relations 
it is possible to deduce in the case of multiple reflections the 
exact relations between original object and each intermediate 
reflected image. 


PRISM WITH TWO REFLECTING SURFACES 
I. INCIDENT RAY CONTAINED IN THE PLANE OF THE TWO FACE 
NORMALS 

(a) Deviation 0°. Porro prisms.—Let us consider first the cases 
in which the incident ray is contained in the plane of the two 
normals to the reflecting faces. (Fig. 3b). Let the angle between 
the normals to the two faces be 90°. Then the first reflection at 
P, changes the direction of the incident ray 7, to R;’. The inci- 
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dent ray /; proceeds toward C, the center of the projection sphere, 
the reflected ray R,’ travels away from the center of the sphere; 
its direction in this case is from west to east (Fig. 3a). The 
same ray functions as an incident ray when it impinges on the 
face P.; in the projection this is indicated by taking the opposite 
end of the diameter R,’ C R,’. The ray R,’ C impinges then from 
the west on the face P, and is reflected in the direction R,”’ 
which coincides with the direction of incidence of the original 
ray. The image does not coincide with the object, however, but 
appears to be turned on an axis normal to the plane of incidence 
through an angle of 180°. In the case of vertical reflection from 
a single face, there is no rotation possible by which the image can 
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Fic. 4. Perspective drawing (5) and projection plot (a) illustrating paths followed by a ray through a 
Wollaston prism. The incident ray J is reflected at P; along R’ which in turn is reflected by Ps along 


” 


A R’’ is normal to J and the image is rotated through 180°. 


be made to coincide with the object. In this case the single 
mirror functions as a plane of symmetry between object and 
image and the two are in general enantiotropic to each other, i.e., 
as the right hand is to the left hand. From Fig. 3a it s evident 
that irrespective of the angle of incidence the second reflected 
beam R,” is always parallel with the incident beam /, providing 
the angle between the reflecting surfaces is a right angle. 

(b) Deviation 90°.—Let the angle between the normals to the 
reflecting faces be 45°. 

Wollaston prism. In this prism (Fig. 4), for which the angle 
between the normals to the reflecting faces is 45°, the second 
reflected beam R” is perpendicular to the incident beam / irrespec- 
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tive of the angle of incidence. In this prism, as in the Parro prism, 
the image is similar to the object, but appears, with reference to 
it, to be turned through an angle of 180° on an axis normal to the 
plane of incidence. 

Penta prism. In this prism the angle between the normals 
to the reflecting faces is 135° (Fig. 5). The emergent ray R” 
is perpendicular to the incident ray J and the image bears the 
same relation to the object as does the image in the Wollaston 
prism. 

The right angle reflecting prism as a constant deviation prism. 
In this prism the angle between the incident ray 7, and the 








Fic. 5. Perspective drawing (6) and projection plot (a) showing the paths followed by a ray Guat 
a penta prism. The incident ray / is reflected by P, along R’ to P; whence it proceeds along R’’ at right 
angles to /. The image is rotated through 180° as a result of the two reflections. 
emergent ray R,” is 90° (Fig. 2). The image is similar to the 
object but is inverted as in the foregoing twice reflecting prisms. 

In view of the fact that in this and other constant deviation 
prisms in which the surface at which the incident ray enters 
(first refraction surface) includes with the second refraction 
surface an angle equal to twice that between the normals to the 
reflecting surfaces, the refraction angle at the first refracting 
surface is equal to the refraction angle at the second refraction 
surface; from this it follows that the angle between the ray 
(I) incident upon the first reflecting surface (first refracted ray) 
and the second reflected ray (R’’) is equal to the angle between 
the incident ray and the emergent ray. This relation obtains 
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for any angle between the reflecting faces, providing the entrance 
and emergent faces are placed as indicated in figs. 3 to 6. 

In all constant deviation prisms of this group the two reflecting 
faces may be considered to function as a unit while the two 
refracting surfaces which include an angle equal to twice that 
between the two reflecting surfaces function as a second unit. 
In the prism of Fig. 3 the angle between the two reflecting sur- 
faces is 90°; the angle between the two refracting surfaces is 
therefore 180°; in other words, they coincide and are one and the 
same plane. 

(c) Constant deviation of any angle-—From the foregoing com- 
ments it is evident that a constant deviation prism of any devia- 
tion angle between 0° and 90° or still greater can be made, and that 
for a constant deviation prism of given shape the deviation is 
fixed and independent of the refringence and dispersion of the 
glass of which it is made , 


II. INCIDENT RAY NOT IN THE PLANE OF THE NORMALS TO THE TWO 
REFLECTING FACES 


The relations between incident rays and emergent rays are 
much more complex in this case because the rays at each reflection 
proceed along a different direction in space, and the mind does 
not readily visualize the relations without graphical aid of some 
kind. The Figs. 6 and 7 indicate that only for a few types of 
prisms do the incident and emergent rays bear a relation one to 
another which can be utilized in practical optics. 

(a) Roof-edge prism. Let the angle between the reflecting 
surfaces be 90°. It can be shown with the aid of the graphical 
plot (Fig. 1) that in this case any ray incident in the p ane per- 
pendicular to that of the normals to the reflecting faces emerges 
in the same plane and in a direction equally inclined with, but on 
the opposite side of, the plane of the normals. In case the ray 
enters along the direction Jo, it emerges along the direction Rio” 
(Fig. 6a). It is because of these relations that the roof-edge pair 
of reflecting faces can be substituted for any single reflecting face 
and an invetsion of the image thereby obtained. (Fig. 7). Thus 
in prism binoculars an inversion of the image can be obtained by 
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the use of two Porro prisms, or by a roof-edge, right angle prism 
in combination with a penta prism or a wollaston prism; or by a 
roof-edge reflecting unit combined with any two reflecting faces 
equally inclined to the axis, the first reflecting the light into the 
roof-edge prism, the second restoring the original line of propaga- 
tion, as in the Brashear-Hastings prism and similar types of prisms 
used in telescopes in place of a lens erecting system (erecting 
eyepiece). 
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Fic. 6. Projection plots illustrating the paths of rays followed in a roof-edge (fig. 6) prism or a prism 
in which the angle between the normals to the reflecting faces is 45° or 135° (fig. 6b and 6c). (a) Incident 
rays J including angles of 0°, J,,, 20°—80°, respectively, with the bisector of the roof edge angle PiPs, are 
reflected by P, along the directions 0°, R,.’, 20°—80° and proceed to P; whence they travel along 0, 
Ri, 20°—80° respectively. The plot shows that the rays R’’ after reflection at Ps are contained in the 
vertical plane and include an angle with the bisector of the roof-edge angle PP; equal to that between the 
incident ray and this bisector. A ray incident along /; is reflected by P; along Ry’, a direction which 
includes the same angle with the bisector of the angle P:P:, but is on the opposite of the plane PiPs, as 
though this plane functioned as a plane of symmetry between incident ray J; and the second reflected ray 
R,’. Figs. 6a and 66 are of the same general construction as fig. 6a. The angle between the normals of the 
reflecting faces is, however, different (45° and 135°) and hence different relations are found between incident 
and second reflected rays. Obviously the method of projection is not limited in its application to prisms 
of these particular angles but can be applied to prisms of any angles and any number of reflecting face s 
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Fic. 7. Perspective drawing (b) and projection plot (a) illustrating the paths followed by a ray 
though a roof-edge reflecting prism. The incident ray J is reflected at P; along R:, which in turn is reflected 
at Ps along R’’. 
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(b) Let the angle between the normals to the reflecting faces 
be 45° or 135° (Figs. 6b, 6c). In this case the emergent ray R’”’ 
resulting from a ray / incident in the optical north-south plane 
(Figs. 6b and 6c) is contained in the horizontal plane and includes 
an angle with the plane of the normals to the reflecting faces equal 
to that included by the incident ray with the bisector of the angle 
between the two reflecting planes (zenith of projection). For 
rays not contained in the north-south vertical plane of Fig. 8 the 
emergent ray does not bear a symmetrical relation to the principal 
planes. This type of prism is therefore restricted in its usefulness. 

THREE REFLECTING FACES MUTUALLY AT RIGHT ANGLES 

In Fig. 8 let P;, Ps, Ps be the projection points of three reflecting 

faces mutually at right angles. Let / be the projection point of a 
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Fic. 8. Perspective draw ng (b) and corresponding projection plot (a) illustrating paths followed 
by a ray on transmission through a prism having three reflecting faces P:P:Ps, mutually at right angles. 
The incident ray / is reflected by P, along R’, which in turn is reflected by P: along R’”’ and this in turn 
is deflected by Ps along R’”’, a direction which coincides with J. The third reflected ray is thus deflected 
back on itself. In fig. 34 the construction shows that for any incident ray J; the third reflected ray R’”’ 
coincides with the incident ray but travels in the opposite direction. This type of prism is therefore useful 
for signalling purposes because the ray of light is always reflected back upon itself irrespective of the exact 
adjustment of the prism 


ray impinging on P;; after reflection it takes the direction R’; is 
then reflected by P, and travels in the direction R”’ to P; whence 
it is reflected in the direction R’’’ which coincides with J. This 
type of prism, which is used especially in the adjustment of range- 
finders with self-contained base and in long-distance signalling, 
has the peculiarity that any entrant ray is reflected back upon 
itself or along its own path. The image produced by the thrice 
reflected rays is inverted and enantiotropic with respect to the 
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object; in other words, the uplifted right hand appears after the 
three reflections as the left hand pointing downwards. 

These examples suffice to indicate the usefulness of the pro- 
jection method in the study of reflecting prisms. Incidentally, 
it may be noted that the projection method, especially the 
gnomonic projection, affords the simplest and most direct method 
for the drawing of prisms of complex shape. It would go too far 
in the present note to consider these methods which are in general 
use by crystallographers. 

SUMMARY 

Prisms are used in optical instruments to change the courses 
of the paths of transmitted rays of light; prisms are of different 
shapes and sizes and are used either singly or in combination. In 
many prisms it is difficult to visualize the paths followed by the 
rays on transmission without graphical aid of some kind. In the 
present paper the angle meridian projection plot is suggested as 
suitable for the purpose. Its application to the study of prisms 
is illustrated by a series of examples from the more common types 
of reflecting prisms. 

GEOPHYSICAL LABORATORY, 
CARNEGIE INSTITUTION OF WASHINGTON, 


Wasuincton, D. C. 
June, 1921. 











THE COINCIDENCE TYPE SELF-CONTAINED RANGE 
FINDER ‘ 


BY 
I. C. GARDNER 


The modern horizontal base self-contained range finder deter- 
mines the range by a method of triangulation. The base line is 
contained in the instrument and by reason of its extreme shortness 
in comparison with the range to be determined, the accuracy 
and precision required in the determination of the angles at the 
two ends of the base line is very great. The triangle solved by 
the range finder is shown in Figure 1. AB is the base of length 
b, c the target and AC the ranger. In the usual construction, the 
base length and angle at A are maintained constant in value. The 
scale upon which the other angle is read may then be graduated 
to read directly in range. 
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Fic. 1. Fundamental triangle 


t) 


Since the angle m is very small, we may write with sufficient 
accuracy ° =m. Differentiating and transposing: 


packs (1) 
r=—— dm 
b 


and we have the relationship existing between the range error dr 
and the corresponding angular error dm. In the horizontal base 
range finder, as used by the Field Artillery, the base length is one 
meter. At a range of 4000 meters the total value of the angle 
to be measured is 50 seconds and if an accuracy of 2% is to be 
secured, the value of this angle must be determined to within one 
second. 

In an attempt to obtain a high degree of precision and accuracy 
in an instrument expected to withstand the rough usage of service 
conditions, the design and construction has been very carefully 
worked out a ong novel lines which differentiate this instrument 
completely from all other angle-measuring instruments. It would 
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be impossible to obtain the accuracy required if the observations 
from the two ends of the base line were made by two different 
observers or successively by a single observer Therefore, the 
two observations from the two ends of the base are made simul- 
taneously by a single observer, the fields of view from the two 
telescopes being viewed through a single ocular after they have. 
been suitably combined by an ocular prism. 
u + 
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Fic. 2. Optical parts of range finder 


Figure 2 is a diagrammatic sketch showing the fundamental 
parts of the range finder. The details of construction have been 
changed in some instances in order that the operation may be more 
clearly indicated for the reader, but the essential parts are all 
represented. A and A’ are two penta prisms at the ends of the 
base line, by which the rays of light are directed toward the ocular 
prism shown diagrammatically at G. B and B’ are the two 
objectives. The ocular prism functions in such a manner that at 
H there is a “divided”’ field, that is, the field is div ded into two 
parts by a sharp boundary line. The image in one part of the 
field is that produced by rays traversing penta prism A and, 
objective B, while in the other part the image is produced by 
A’ and B’. This composite field is viewed through the eyepiece J, 

a ; 


K 1 Mv 
Fic. 3. Erect field 
Figures 3 and 4 show two types of such a divided field. That 
shown in Fig. 3 is known as the erect ‘type. At K, the field is! 
shown when “coincidence” is secured. Except for-the presence 
of a dividing line, the field appears as though formed by a single 
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objective. At L the same type of field is shown when the range 
finder is not adjusted for coincidence. In Fig. 4 the inverted 
type of field is represented in which the objects in the upper half 
of the field are inverted. When coincidence is secured as at N, the 
image in the upper half is the same as would be obtained if the 
image in the lower half were mirrored in the dividing line. At 
O the field is not adjusted for coincidence. 
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Fic. 4. Inverted field 


The erect type of field is usually preferred when the target 
is of a regular geometrical shape with well-defined boundaries 
and it is, therefore, commonly used by the Navy and Coast 
Artillery Corps. The inverted type is considered to have advan- 
tages when the target is poorly defined or very irregular in shape 
and is consequently used by the Field Artillery and Infantry 
where the objects sighted upon may be trees, trench parapets, 
etc. . 

Returning to Fig. 2, if prisms C and E are not present and if 
the instrument is symmetrically and perfectly constructed so that 
the deviations of the rays at all reflecting and refracting surfaces 
have their nominal values, the image of an infinitely distant object 
presented by the two objectives will be the same and in the field 
we shall have coincidence as indicated at K or N, Figs. 3 and 4. 
If at C and E we insert two prisms of glass of very small angle 
and with their thicker edges turned oppositely, we shall have both 
images shifted slightly in the focal plane in the same direction 
and the coincidence will not be affected. If now an object is 
viewed which is within the useful working range of the instrument, 
the two images in the two portions of the divided field will not be 
in coinciderice. If in particular the range finder is rotated in a 
horizontal plane until the image of the object presented by A’ 
lies in the center of the field, the image presented by A will be 


displaced from the center, the distance (tan 5) f, or since the angle 
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b is small, the displacement will be , f where b is the base length, 


r the range to be determined and f the focal length of the objective 
B. If the prism at C bends the ray through the angle i by shifting 
the prism in the appropriate direction through a distance sso that 


es 
stani=- .f (2) 
r 
or with sufficient exactness- 
ie 
siz=- .f (3) 


the image may be brought back into coincidence. The length 5 
through which the prism C is moved is then a measure of the range 
and the scale along which C moves may be graduated to read 
directly in range. The graduations will be marked according to 
the formula: 
es P : (4) 

+ r 
where s is the distance of the graduation for range r from the 
original position of the prism which is marked infinity:' The size of 
the instrument and requirements of portability usually limit the 
value which may be given to 6 and f, so that by making:i the angle 
of deviation produced by the prism C, very small,the distance 
between successive graduations may be increased and the scale 
made as open as may be desired. 

It will be noted that the scale is a reciprocal’ one, and’ as r 
increases, the distance between successive graduations for a given 
increment in r decreases. If the scale were graduated to read the 
angle subtended at the target by the base of the instrument, ‘the 
formula for determining the graduations is: 

$= f m (5) 
i 
where m is the angle to be measured. 

The wedge at E provides the so-called infinity adjustment. The 
effect of slight deformations due to stresses originating from 
temperature changes and other conditions of service is. to intro- 
duce errors much greater than the instrumental: errors: of the 
range finder. If the instrument is trained on ‘an: object at a 
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known range, with the prism C set opposite the corresponding 
reading on the scale at D, there should be coincidence between 
the two images in the field. If this is not the case, coincidence 
may be secured by shifting the prism E. The range finder is now 
adjusted so as to be accurate for this particular range, the errors 
due to the slight deformations having been compensated by the 
shift of EZ. After the scale has been justified at this one point, if 
the instrument has been correctly constructed and designed, it 
will indicate ranges accurately over the entire scale. 

The known range commonly selected is an “artificial infinity” 
secured by the use of a “‘measuring lath” or some type of internal 
adjustment and for this. reason the adjustment of prism E is 
usually referred to as the infinity adjustment. On some types of 
instruments the infinity adjustment is provided with a scale as at 
F graduated in entirely arbitrary divisions which are numbered. 
This enables one to make successively several independent 
infinity adjustments and to select the mean of the several readings 
on the scale F as denoting the correct adjustment. 

The particular methods of construction utilized in the different 
makes of range finders vary. In general, the infinity adjustment 
is not accomplished by a prism as shown at E shifted along the 
axis of the instrument. Instead the prism is commonly placed 
between B’ and A’ and is so placed that the plane in which the 
deviation takes place does not lie in the plane of Fig. 2 but at an 
angle to it. Then, by rotating the prism about the axis of the 
instrument, the component of the deviation lying in the plane of 
the drawing (the part which affects the coincidence) may be varied 
and the infinity adjustment thus secured. In the Barr & Stroud 
range finder, the window placed in front of A’, not shown in 
Fig. 2, is slightly wedge-shaped and may be rotated for securing 
the desired correction. 

In the Bausch & Lomb range finder, the longitudinal movement 
of C is obtained by connecting C with a spiral thread cut on the 
interior of a collar which revolves about the entire optical tube 
of the instrument. The range scale is then cut in a spiral on the 
outside of this collar. This enables the scale to be made very long 
and open. On the Barr & Stroud instrument the scale D is 
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attached rigidly to the prism and moves past a fixed index. A 
window in the outside tube protected by glass enables the scale 
to be read. 
































A B Cc 
Fic. $. Rotating prisms 

In some range finders a prism of the type shown at C in Fig. 2 
is not employed for securing coincidence. Instead, two similar 
prisms of small angle are mounted, one before the other, as shown 
in section in Fig. 5. They are connected by gearing in such a 
manner that the observer in securing coincidence, causes the two 
prisms to rotate through equal angles in opposite directions. When 
the prisms are oriented with respect to each other as at B, the 
deviation produced by one prism is neutralized by the other and 
there is no deviation. When they are as at C, the maximum devia- 
tion is produced and for intermediate positions the deviation 
has intermediate values. Such a combination of prisms then gives 
a deviation which is constantly in one plane and which may be 
caused to vary from zero to a maximum value. 

It is very difficult to make B and B’ so that they have precisely 
the same equivalent focal length. If they differ, coincidence will 
not be independent of the position of the object on the dividing 
line. Frequently, one objective, say B, is made of longer focal 
length than B’, and a second lens termed an “equal magnification 
lens” is placed between B and the focal plane. By varying the 
distances between the two lenses, the equivalent focal length of 
the two combined may be continuously varied until equal to 
that of B’. 

There are numerous varieties of ocular prisms in use. In Fig. 6, 
there is shown a drawing of a type of prism in the one meter 
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base invert type range finder, as used by the Field Artillery. Two 
views of the prism are shown. In the first, the different com- 
ponents are separated in order that the different reflecting surfaces 
may be seen more clearly. The part Q receives the light from the 
left hand objective and after two reflections, the light passes 
upwards to the eyepiece at an angle of approximately 60 degrees. 
The rays of light from the right hand objective after two reflec- 
tions in the rhomb & are reflected forward and upwards by prism 
S. It should be noted that one reflection takes place on the lower 





Fic. 6. Ocular prism 


surface of S, a portion of which is silvered. It is the boundary 
of this silvered region which forms the dividing line, the rays 
which are not intercepted and reflected by the silver going down- 
ward and never entering the ocular. On the other hand, the rays 
from the left hand objective which strike the silver are reflected 
downward and do not enter the ocular. The prism 7 cemented 
on the inclined portion of S is traversed by light from both 
objectives. Its purpose is to equalize the length of light path 
for different portions of any beam in such a way as to obviate 
spectral dispersion. 


In order to prevent, so far as possible, any relative motion 
between the two object ves and the ocular prism, these are 
commonly mounted in a substantial inner tube termed the optical 
tube. This is designed very carefully and made from especially 
selected homogeneous material in order that the detrimental 
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effect of temperature changes may be nullified so far as possible. 
Slight displacements of the penta prisms do not so seriously affect 
the accuracy of the instrument and they are, therefore, carried 
by the outer tube. The outer tube is covered with heat insulating 
material, in order to protect the inner optical tube from non- 
uniform temperature changes. In order that slight deformation 
of the outer tube may not subject the optical tube to mechanical 
stress, the two are connected by a three-point suspension. A 
slight displacement of one tube relative to the other may lead 
to an appearance in the field as shown in Figures 3 and 4 at M 
and P, where the dividing line cuts the two images at different 
heights. This is usually spoken of as an error in the halving ad- 
justment. Means are provided for bringing the dividing line 
back to its correct position by shifting the inner tube relative to 
the outer. By inspection of the figures referred to above, it is 
apparent that if any object accurately perpendicular to the divid- 
ing line is used for determining the coincidence as for example, 
the mast of the ship in the drawing, a small error in the halving 
adjustment introduces no error in the determination of coinci- 
dence. If, however, a sloping line as the edge of the sail is used 
for setting coincidence, the error is considerable. 

Long base range finders are frequently provided with an 
attachment termed an astigmatiser. Two small cylindrical lenses 
are arranged to be swung into the paths of the rays from the two 
objectives by means of external levers. When in position, the 
image of any point is drawn out into a short line perpendicular to 
the dividing line. During the advance of a hostile fleet at night, 
the best target available may be a searchlight. Without the 
astigmatiser, range taking on a searchlight would require that the 
image be kept exactly on the dividing line, a task which would 
prove difficult. With the astigmatising lenses in position, the 
image of the searchlight is a short line and the training of the 
range finder does not have to be done so accurately. 

The large number of prisms in the optical train of a range finder 
gives rise to very great absorption of light. The variation of 
absorption in different instruments is large as so much of the 
light path is in glass that a relatively slight falling off of the trans- 
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parency of the glass increases the absorption greatly. Range 
finders which have been measured show a transmission as great 
as 40% in some cases, while in particularly poor instruments the 
transmission falls as low as 17 to 20%. In general, the absorption 
for the two ends of a single instrument differs greatly as is shown 
by the fact that one of the fields is usually visibly darker than the 
other. 

An ingenious modification of the range finder, as described 
above, has been invented by Eppenstein and is known in the 
Army as the “azimuth type” of instrument, in order to distinguish 
it from the more usual form which in contra-distinction is termed 
the “‘fixed base’ type. Suppose that both prisms indicated in 
Fig. 2 are omitted and that one of the objectives has a slightly 
longer focus than the other. As both objectives serve a common 
eyepiece, the magnification of the two ends of this instrument 
will be different. Now, if the instrument is so constructed that 
all refractions and reflections take place in the nominal manner, 
the image of an object at an infinite distance will still remain 
in coincidence at the center of the field. In general, there will 
not be coincidence, except at the center as the two images are 
represented to different scales by reason of the difference in 
magnification. If the entire instrument is rotated in azimuth, 
the image in one half of the field will move faster than in the 
other half since the magnifications are different. Therefore, if 
the instrument is rotated as a whole in the proper direction, one 
image will overtake the other and coincidence will be secured. 
It will be shown below that the position on the dividing line at 
which coincidence is secured is a function of the range. Conse- 
quently, a scale may be etched on the prism along the dividing 
line and graduated to read range directly. This scale will appear 
in the field of the instrument and to determine the range, it is 
only necessary to rotate the instrument as a whole in azimuth 
until coincidence is secured. Then, on the scale opposite the 
point on the dividing line, where coincidence is obtained, the 
correct range may be read. 

The method of graduating the scale is as follows: Let f and 
{+f be the focal lengths of the two objectives. Assume that the 
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instrument is so oriented that the image of the target falls in the 
center of the field of the objective, the focal length of which is 
{+af. Then, if the base length is b and the range is r, the image 
in the other half of the field is displaced from the center in the 


b 
focal plane through the linear distance =f If we turn the range 


finder in azimuth thru the angle k, the one image in the focal 
plane moves a linear distance (f+Af)k, the other fk. (The angle 
k is so small that the angle is substituted for tan k). If in particu- 
lar k is so chosen that- 

tap bases (6) 


the one image will have overtaken the other and we shall have 
coincidence. Transposing and collecting terms, equation 6 
becomes: 


—~ k=- (7) 


(f{+A/) k is the distance from the center at which coincidence 
is obtained. If we denote this distance by /, we have: 

of 1 
I= —- 8 
+4f)- t? (8) 


This then is the formula by which we can construct our scale. 
l is the distance measured from the center of the field for the 
graduation corresponding to any range r. It will be noted that 
the scale is a reciprocal one and that for a given base length the 
distance between graduations increases as Af is decreased. The 
actual length of the scale is limited by the total length of the 
dividing line, that is, visible through the eyepiece. In an instru- 
ment constructed as described, only half of this length could be 
utilized for a scale as the infinity point from which the graduations 
begin is in the center of the field. In actual construction, the 
infinity adjustment is so set that the scale begins at the extreme 
edge of the field. 

The advantages of this instrument lie in its simplicity and com- 
parative freedom from moving parts as the moveable prism and 
its mechanism are eliminated. This also probably enables a more 
waterproof construction to be utilized. No estimate of its accu- 














430 I. C. GARDNER [j.O.S.A.,V 


racy as compared with the fixed base type of instrument is avail- 
able. One possible disadvantage lies in the fact that the center of 
the field cannot be used for all ranges. In particular, in making 
the infinity adjustment, coincidence is secured at the extreme 
edge of the field when conditions are most unfavorable, as regards 
aberrations. Nearly all of the 80 cm base range finders supplied 
to the Infantry are of the azimuth type. 

The more important errors to which the range finder is subject 
may be classified under the two following heads: (a) Accidental 
errors arising from inability to determine coincidence precisely, 
which introduce errors proportional to the square of the range 
and to which the theory of errors is applicable; (b) systematic 
errors which introduce errors proportional to the square of the 
range and which can be completely compensated by a suitable 
setting of infinity adjustment. 

(a) Accidental errors arising from inability to determine coinci- 
dence precisely and which introduce errors proportional to the squrea 
of the range.—The accidental errors depend fundamentally upon 
the limitations of the eye and the quality of optical performance 
of the range finder. Under the most favorable conditions, when 
two halves of an image separated by a dividing line, are presented 
to the eye as by the range finder, it is commonly considered that 
the probable error in determining coincidence will be of the order 
of ten or fifteen seconds. In order to secure round numbers, 
assume that the angular error is .00005 radians which approxi- 
mately corresponds to 10 seconds. This is the error in the appar- 
ent field. If the magnification of the instrument is a, the true 
angular error in the fundamental triangle of measurement corre- 
sponding to the apparent angular error in the field of view of the 


we ; 
radians. It should be emphasized that the value 





ocular is - 
a 


as given above gives the value of dm, under the most favorable 
conditions, that is, a trained observer, a well illuminated, sharply- 
defined target, and an instrument giving excellent definition. The 
value of dm, which will be obtained in practice is a function of the 
following elements: the training of observer, the character of 
target, the condition of atmosphere and the optical performance 
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of the range finder. A bright, well-illuminated target, presenting 
well-defined contrasting lines on which the setting may be made 
will be much more favorable for range finding than a target 
lacking these features. When the air is “boiling,” the irregular 
refraction makes exact coincidence difficult to obtain. Excellent 
definition, high light transmission and a large exit pupil may all 
be considered favorable to the accurate determination of coin- 
cidence. 

It will be noted that the value of dm, is independent of the value 
of m which, of course, depends upon the range. The error in 
range corresponding to any particular value of dm, is, however, not 
independent of the range, but is related to it as shown by the 
following equation: 

r? dm, 
b 206 000 

The 206000 is introduced in the denominator in order that 
dm, may be expressed in seconds instead of radians. The magnify- 
ing power of the smaller range finders is generally from 12 to‘15, 
depending upon the particular type. The larger range finders 
have two eyepieces, one of which gives a magnification of 28 and 
can only be used under very favorable conditions. 

(b) Systematic errors which introduce errors proportional to the 
square of the range and which can be completely compensated by 
suitable setting of the infinity adjustment.—I{ we have an error of 
.00005 radians in the apparent field of a 15 power range finder, 
the error in the true field is only .000003, or approximately six 
tenths of a second. This implies a remarkable degree of accuracy 
and it is not surprising that under service conditions the parts of 
the instrument exposed to mechanical shock and heating and 
cooling are subject to relative displacements and deformations 
which, although slight when considered according to ordinary 
standards, are nevertheless sufficiently great to introduce system- 
atic errors too great to be neglected. Many of these deformations 
are such that there is introduced an error dm, in the measurement 
of m, which is independent of the value of m and will, therefore, 
be compensated if a corresponding opposite error is introduced 
by a movement of the adjusting prism EZ, shown on Fig. 2. For 





dr, = — (9) 
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example, let it be supposed that the penta prism A’ is non- 
uniformly heated with a resultant change in the angle between 
the two reflecting surfaces such that the deviation due to penta 
prism A’ is 90 degrees +dmz, instead of the normal value of 90 
degrees. If now the prism C is brought opposite a graduation 
corresponding to any particular range, and the range finder 
directed at an object at that distance, we shall in general not have 
coincidence in the field of the ocular because of the incorrect 
deviation produced by A’. This can be compensated for by 
appropriately shifting E along the scale F, so that an equal and 
opposite deviation is arbitrarily introduced. Since the error to 
be compensated is solely due to A’ and does not vary with the 
range of the target, the error when compensated for one range is 
perfectly compensated for all other ranges. It is readily seen that 
if there are several errors arising from different sources, each of 
which, like the one dealt with above, is a constant angular error 
independent of range, the net result of all the errors can be com- 
pensated by a single shift of E. Such errors may be introduced 
by many causes, among which are flexure of the optical tube, 
relative displacement of the objectives at right angles to their 
common axis, displacement of ocular prism or unequal heating 
of the optical components. The adjustment of the prism E may, 
as outlined above, be made by selecting an object at a known 
distance and making the adjustment. As, however, objects at a 
known distance are not always available, recourse is usually had 
to some ingenious method of obtaining two parallel pencils of 
light. The prism C is then set opposite the infinity mark and the 
prism £ adjusted until coincidence is obtained. This adjustment 
is, therefore, termed the infinity adjustment. If the infinity 
adjustment is imperfectly made, there is a constant error dm, 
introduced and to this there corresponds a range error: 

r dm; (10) 


dr, = == 


6 206000 





For any particular faulty infinity adjustment, introducing a 
constant angular error dm:, the corresponding error dr; will 
always have the sign and magnitude indicated by the above 
equation. It- will be noted that the error dr, unlike drz is an 
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accidental error and is as likely to be positive as negative. There- 
fore, under the most favorable conditions, the reading for a range 
r may be expected to lie between r+dr,+dr2 and r—dni+drz. 

It is apparent that a range finder must be carefully adjusted 
if accurate readings are to be secured. Furthermore, the accuracy 
of angular measurement required of the range finder is so great 
that a method of adjustment in the field is necessary which, 
if possible, should be sufficiently convenient to permit adjustment 
immediately before the instrument is used. 

Adjustment by means of a known range is the simplest method. 
If the distance to a suitable target is given, the range scale on the 
range finder is set to this known value. If the two halves of the 
target do not coincide, they are brought into coincidence by means 
of prism E, Fig. 2. The range finder is then in correct adjustment. 
Under service conditions, a known range is not ordinarily avail- 
able. 

A variant of this method depends upon the use of a celestial 
body, for which the moon is the most favorable. The range scale 
of the range finder is set at infinity and coincidence secured, as 
before, by movement of prism E, Fig. 2. The sun should never 
be used as a target for adjusting a range finder. Even though 
one should be provided with a filter sufficiently dense to protect 
the eye, the image of the sun is focussed upon a cemented surface 
of the ocular prism and is likely to damage the instrument. If a 
star is selected as the target, the astigmatiser should not be used 
unless previous tests show that the range finder gives the same 
readings with or without the astigmatiser in the light path. 

Both of the methods of adjustment outlined require special 
conditions for their application. To overcome this objection, 
four methods of adjustment depending upon the use of an “artifi- 
cial infinity”” have been developed and applied to range finders. 

The most simple and older method of adjustment is by means 
of the adjusting lath or stadia. One of the chief disadvantages of 
this method lies in the fact that the lath is not self-contained in 
the instrument. Also, it is not always convenient to obtain the 
range required when the lath is to be used. Accordingly, three 
types of internal adjustment have been devised which form an 
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integral part of the instrument and permit adjustment to be made 
immediately before use. 

The adjusting lath is commonly used with the smaller base 
range finder, probably because of its portability, simplicity and 
low cost. It consists of a simple bar carrying at either end a 
target which bears a well-defined black line upon a white back- 
ground. These black lines should be the same distance apart 
as the actual base length of the range finder. The method of use is 
illustrated in Fig. 7. 

In Fig. 7 A and B represent the two penta prisms at the ends 
of the range finder, and C and D the black lines on the targets at 
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Fic. 7. Adjustment by lath 





the ends of the adjusting lath. If the base length of the range 
finder is the same as the length of the adjusting lath, and if CD 
is parallel to AB, the paths AC and BD of the beams of light are 
accurately parallel. Consequently, if the scale of the range finder 
is set at the infinity mark and the adjusting prism E£, Fig. 2, 
moved until coincidence is secured between the image of the right 
end of the lath in one field and that of the left end in the other, 
the correction is accomplished. If the distance CD does not equal 
AB, an angular error should be introduced, the value of which 
AB-—CD 
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206 000 AC 


seconds. It is apparent that this error decreases 
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as AC is increased and the instructions of the manufacturer are 
that the adjusting lath shall be set at a distance of 200 meters or 
more from the range finder. However, it is not improbable that 
conditions may arise in service when it is impracticable to use as 
great a distance, and accordingly some consideration will be given 
to the use of an adjusting lath at distances of 50 and 100 meters. 

The difference in length may be an apparent one due to lack of 
parallelism between AB and CD or to an actual difference of length 
which may be due to an initial difference of length between AB 
and CD or to a difference of length brought about by temperature 
changes. In order to avoid the foreshortening, the lath should 
be provided with an efficient sighting device by which parallelism 
can be secured to within at least one degree. By reference to a 
table of cosines, it can be seen that the error will then be negligible 
for a range finder of one or one and one-half meters base length. 
In addition, each adjusting lath should be fitted to the particular 
range finder with which it is to be used. To a first approximation 
it seems that the alteration in base length of the range finder with 
temperature will be due to the increased separation of the penta 
prisms and a result of the expansion of the outer tube. If this is 
true, effects due to a common rise of the temperature of range 
finder and lath will be perfectly compensated by making outer 
tube of range finder and the measuring lath of the same material. 

Below is given a table showing the difference in length between 
AB and CD which will produce an error of one second in the 
adjustment for three distances of adjusting lath from range 
finder. 


Distance of Adjusting Lath Length Producing Error of 


from Range Finder 1 second 
50 meters .25 mm 
100 meters .50 mm 
200 meters 1.00 mm 


It will be noted that the angular error produced is entirely inde- 
pendent of the base length. The range error is connected with 
angular error by equation 10. ; 

The value of the range errors for 5000 and 10000 meters corre- 
sponding to an error of 1 second for a one-meter base range finder, 
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are respectively 125 and 500 meters. The magnitude of these 
errors makes very apparent the need for great care in the adjust- 
ment of the lath to the particular instrument with which it is to be 
used. 
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Fic. 8. Internal adjustment, first type 


Figure 8 illustrates a type of internal adjuster essentially 
similar to that used on some of the Barr & Stroud Range Finders. 
A and B are two small penta prisms mounted directly in front 
of the large prism. C and D are two lenses, the focal lengths of 
which are identical and equal to the separation CD. The inner 
face of each lens has etched upon it a vertical line. The small 
prisms E and F communicating with windows in the outer tube 
serve to illuminate the etched marks. 

Rays proceeding from the mark on lens C are rendered parallel! 
by lens D and enter the optical system of the range finder proper 
after having been bent through ninety degrees by the small 
penta prism at B. Since the bundle of rays were rendered parallel 
by lens D, the image of the mark is seen sharply defined when 
viewed through the range finder in the same manner as though the 
range finder were actually trained on an object at a great distance. 
In a similar manner rays from the mark on lens D are rendered 
parallel by lens C and enter the range finder at the other end. 
Consequently, on looking into the range finder one sees the one 
mark in the upper field, the other in the lower. If prisms A and 
B actually deviate the rays through ninety degrees, the two 
bundles of rays entering the end prisms of the range finder are 
parallel. Therefore, if the range finder scale is set at infinity, the 
images of the two marks should coincide. If not in coincidence, 
the instrument is out of adjustment and the adjusting prisms must 
be altered until coincidence is secured. 
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It should be noted that the function of any internal adjustment 
is to deliver to the range finder two bundles of rays which shall 
be parallel to each other under all conditions. By “‘all conditions” 
it is meant that the parallelism must be maintained so far as 
possible regardless of the distortion of the system produced by 
mechanical stresses and temperature changes to which the instru- 
ment is inevitably subjected in service. So far as possible, the 
optical system of the internal adjustment must be self-compen- 
sating. Otherwise, the conditions which put the range ‘finder 
out of adjustment also renders the internal adjustment useless 
as a standard by which to readjust. 

The self-compensating feature of this type of adjustment lies 
in the fact that each lens bears the mark which serves as a target 
for the other lens. If, for example, lens C is displaced slightly, 
the direction of the bundle of rays entering penta prism B is 
changed due to the displacement of the vertical mark carried by 
C. But at the same time the direction of the bundle entering 
prism A is deviated the same amount since the rays entering A 
pass through C. Therefore, parallelism of the two bundles of 
rays is maintained independently of any slight lateral shift of 
lens C or D. If then the deviations produced by prisms A and B 
do not change, the adjuster will function satisfactorily. As these 
are penta prisms, a small movement will not affect the deviation. 
Non-uniform heating of either of these prisms might introduce an 
error. In regard to this point, the manufacturers assert the prisms 
are so small that appreciable non-uniform heating is unlikely to 
result. 


| 
| 
| 


ean ix} OD 
E) 


Fic. 9. Internal adjustment, second type 


Another type of internal adjustment is shown in Fig. 9. When 
the range finder is to be adjusted, prisms A and B; which are 
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normally outside the path of the light rays, are swung into the 
position shown in the drawing by levers on the outside of the 
instrument. 

A special type of ocular prism is employed which bears a small 
index mark that appears in the field of view. A window is pro- 
vided in the outer tube by which this mark is illuminated. Rays 
proceeding from this index mark pass to the right through the 
wedge and the objective. The rays are then deviated through 
180° by the triple mirror. A second similar triple mirror returns 
the rays to the left hand objective and an image of the index mark 
is formed in the field of view. The course of the rays is indicated 
by the arrows. On looking into the eyepiece one sees the index 
mark in one field and its image in the other. Adjustment is 
accomplished by setting the range at infinity and bringing image 
and index mark into coincidence by means of the adjusting prism. 

The self-compensating feature of this adjuster lies in the fact 
that the deviation produced by a triple mirror is always 180° 
irrespective of the orientation of the prism. If the triple mirrors 
were non-uniformly heated to such an extent that the deviation 
produced varies from the normal value, the internal adjuster does 
not function correctly, Furthermore, it will be noted that when 
adjustment is made, the two penta-prisms are not in the path of 
light. Consequently, any error due to the non-unifrom heating 
of these prisms or gradual deformation due to original strain 
would not be compensated by.an adjustment accomplished by the 
internal adjuster. It is hoped..that tests now in progress will 
show whether the errors arising from these sources are appreciable 
in the smaller range finders. 

| | 


Skee race 


Fic. 10. Internat-adjustment, third type 


The large range finders used‘in the Coast Defenses are equipped 
with an absolute self-contained adjusting apparatus, shown in 
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schematic form in Fig. 10. B and C are two small penta prisms 
which are brought into position in front of the penta prism of the 
range finder when adjustment is to be accomplished. At L there 
is a small electric lamp, the rays from which are rendered parallel 
by the collimator objective at A. This portion of the system is 
so located that half the rays from the collimator are intercepted 
by the small penta prism at B and ‘enter the large prism of the 
range finder. The other half passes over the prism at B and is 
intercepted by the rhomboid prism. This rhomboid prism brings 
the beam down into the plane of the penta prism at C and the 
half of the beam finally enters the large penta prism to the left. 
On looking into the eyepiece one sees an image of the light at L 
in both fields. The range scale is set at infinity and coincidence 
secured. If now both prisms B and C deviated the rays through 
ninety degrees, adjustment would be completed. But in general, 
this is not the case. 








B RA 
Fic. 11. Operation of third internal adjustment 

To meet this difficulty, a second collimator indicated by the 
dotted lines is placed at the other end of the range finder. The 
light at L’ is turned on and the two penta prisms are swung into 
the positions indicated by the dotted lines. The rhomboid prism 
at D is also swung through 180 degrees. Light now proceeds from 
L’ into the two ends of the range finder and adjustment is again 
made. In general, the setting of the adjusting prism for the two 
adjustments will not be the same. The adjusting prism is pro- 
vided with a scale and a setting intermediate between the two 
settings gives the correct adjustment for the range finder. 

The accuracy of this adjustment does not depend upon the 
magnitude of the deviation produced by the two small penta 











440) I, C. GARDNER {J.O.S.A.,V 


prisms nor upon the parallelism of the two collimator system. 
That this is so is apparent on reference to Fig. 11. Using the 
right hand collimator and with the penta prisms in the position 
indicated by the full lines, the course of the rays is indicated by 
the heavy lines. With the left hand collimator illuminated, the 
prisms are turned as shown by the dotted lines and the course 
of the rays is indicated by the light lines. The lateral separation 
of the two positions of the prism is introduced in order that the 
lines of the drawing may not be confusing. Also by intention, the 
path followed by rays proceeding from the two collimators are 
represented considerably out of parallel. With one setting of the 
range finder, adjustment is made on rays OA and O’A’, from the 
other setting‘on OB and O’B’. It is evident that neither of these 
two pairs of lines are parallel. Therefore, each adjustment is 
incorrect. But the intermediate setting of the adjusting prism 
is equivalent to setting on the bisectors of angles AOB and A’O’B’. 
These two bisectors are parallel in all cases as is evident from the 
geometry of the drawing. The only condition which can affect 
the accuracy of this adjustment is a change in the deviation pro- 
duced by any component which should develop between the two 
successive adjustments. As the total time required for both 
adjustments is only a few minutes, this lies outside the bounds 
of probability. This method of adjustment can therefore be 
truthfully termed an absolute adjustment. This self-contained 
adjusting apparatus is much. too complicated for introduction 
into the. smaller instruments, but is used in the permanently 
emplaced long base range. finders used by the Coast Artillery 
Corps. 


ORDNANCE Depaktment, U. S. A. 
FRaNnkForD ARSENAL, PHILADELPHIA, PA. 
July 13, 1921. 
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SILICA-GLASS PRISM FOR REFRACTOMETRY OF 
LIQUIDS AT ELEVATED TEMPERATURES 


BY 
F. R. v. Bichowsky Anp H. E. Merwin 


Silica-glass plates about 1.5 to 2.0 mm in diameter and 3 mm 
thick were beveled together to make a prism having angles of 
45°, 60°, and 75°. The edges were then sealed in an oxy-gas flame. 
During sealing the outer surfaces of the plates required protection 
to prevent dimming by the corrosive action of the flame gases. 
The plates were firmly set in grooves of hard graphite and pro- 
tected by thick graphite pieces worked into proper shape. It 
was necessary to use the hottest small flame available, and to 
work for only a few seconds at a time, so that only the part 
actually worked was hot. Unless this was done, the entire prism 
and its graphite holder heated up, and the silica plates, which it 
is difficult to obtain in an entirely unstrained condition, warped 
slightly, especially if the holder subjected them to stresses. 

One prism was made with a silica tube fused into the top. 
Such a stem forms a good support for holding the prism in a 
spectrometer furnace, and for the thermoelement. In case colored 
liquids are to be used the prism should be especially perfect at the 
refracting edge.' 

The electrically heated furnace, which had to be designed to 
fit a particular goniometer (spectrometer) and prism, will be 
briefly described. It consisted of a copper cylinder (3 cm diam- 
eter) wound with asbestos covered nichrome wire, and held within 
a cylindrical copper box (5 cm diameter). A little fan mounted 
on a vertical shaft in hard graphite bearings below the prism was 
rotated by an elastic belt from a small motor. The openings in 
the outer box, except those closed by selected microscope cover- 
glasses, were covered by removable flaps of asbestos sheet, and 
by asbestos collars. By hand regulation of the heating current, 
temperatures within the prism as determined with a potentiometer 
and gold-constantan thermoelement, could be held constant to 
better than 0.1° even at temperatures near 300° C. 

Measurements were made on four liquids, namely: Squibb’s 
glacial acetic acid, 99.5 per cent; Kahlbaum’s e«-monochloro- 





' The joining of glasses which anneal at lower temperatures has been described 
by Parker and Dalladay (Faraday Soc. Trans. 12, p. 305) and by Fairchild (J. Opt. 
Soc. Amer. 4, p. 496; 1921). 
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TABLE 1 
Sulfuric Acid 
Hg lines 
D* G’* 

Temp. °C 589.3 434.1 578.0 435.8 404.7 
28.4 1.4245 1.4326 1.4250 1.4325 1.4351 
49.1 1.4198 1.4279 1.4201 | 1.4277 1.4303 
85.8 1.4119 1.4196 1.4123 | 1.4194 1.4221 
113.8 1.4058 1.4136 1.4062 | 1.4133 1.4160 
173.9 1.3924 1.4001 1.3930 | 1.4000 1.4923 
206.8 1.3848 1.3922 1.3852 | 1.3919 1.3945 
264.2 1.3709 | 1.3780 1.3715 | 1.3779 1.3800 
307.5 1.3591 1.3663 | 1.3594 | 1.3662 1.3684 
At 28.4° Li=1.4218; F =1.4292* 

Chlorona phthalene ae ah 
| Hg lines 
D* og | Sroncgpecit 

Temp. °C 589.3 434.1 | 578.0 | 435.8 404.7 
23.9 1.6330 1.6763 1.6348 1.6754 1.6942 
41.3 1.6245 1.6672 | 1.6263 | 1.6664 1.6850 
72.2 1.6100 1.6517 | 1.6117 | 1.6509 1.6691 
93.6 1.5999 1.6410 1.6015 | 1.6403 
119.6 1.5874 1.6275 1.5891 | 1.6271 
148.1 1.5739 1.6130 1.5756 | 1.6122 
189.3 1.5534 1.5910 1.5549 | 1.5904 
251.9 1.5210 1.5565 1.5225 | 1 5557 | 1.5710* 
At 23.9° Li=1.6232; F =1.6554*; Hgi:= 1.6538 

Acetic Acid eo. 
Hg lines 
p | ct | noupesmnmiese 
Temp. 589.3 | 434.1 | 578.0 | 435.8 404.7 
| | le 
25.5 1.3695 | 1.3778 1.3699 | 1.3777 1.3806 
40.4 1.3632 1.3713 1.3636 | 1.3711 1.3740 
62.1 1.3542 1.3621 1.3544 1.3620 1.3651 
90.0 1.3424 1.3501 1.3427 | 1.3500 1.3527 
112.2 1.3327 1.3402 | 1.3332 | = 1.3401 1.3429 
113.7 1.3221 L $e | 1.3421 





At 25.5° Li=1.3672 








* Columns and values marked thus * are interpolated from dispersion curves and 
from curves of refractive index against temperature. 
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naphthalene; Baker’s 95-96 per cent sulfuric acid; and sulfur. 
Results on the first three appear in the accompanying table, and 
as regards dispersion are probably accurate within +0.0001. 

As regards refractive index, mp corrected to 20°: acetic acid 
agrees within 0.001 with recent determinations’? on presumably 
pure acid; chloronaphthalene is 0.002 higher than the only other 
measurement we have found recorded;* sulfuric acid falls in line 
within +0.001 with measurements by Le Blanc‘ when they are 
considered in relation to the older ones of Van der Willigen® and 
Gladstone,® whose values are respectively 0.004 and 0.002 higher. 

All three of these observers agree in finding a remarkable maxi- 
mum in the refractive index-concentration curve of sulfuric 
acid and water near, or at, 84.5 per cent sulfuric acid. This is 
the composition of what has been called the nonohydrate of 
sulfuric acid. Pickering’ has discussed this maximum and a 
dispersion max mum (Van der Willigen’s) as evidence of hydrates 
in solution. But when note is taken of (1) the absence of a density 
maximum here, and (2) the lower relative dispersion on the 
sulfuric acid side of the maximum, then it is evident that changes 
in atomic refraction have occurred. 

These measurements cover a temperature range sufficiently 
large to make necessary a correction for the diminished refractive 
index of the air in the furnace at the higher temperatures. For 
sulfuric acid the maximum calculated correction is 0.00018, for 
chloronaphthalene 0.00017, and for acetic acid 0.00006. On 
this basis the observed values were diminished, those recorded 
representing the refractive indices of the liquids at the stated 
temperatures compared with air at 20°. 


GEopHysicaL LABORATORY, 
CARNEGIE INSTITUTION OF WASHINGTON, 
Wasarncton, D. C. 
May, 1921. 





*Hubbard, Phys. Rev. 30, p. 759, 1910, 1.3719; Eisenlohr, Zs. phys. Chem. 75, 
p. 590, 1911, 1.3727; Schwers, J. Chem. Soc. 10/1, p. 1892, 1912, 1.3720; our value 
1.3718. 

3K. Arndt, Diss. Basel 1897, quoted in Landolt- Bérnstein. 

*Z. phys. Chem. 4, p. 557; 1889. 

5 As given in Rec. Données Numer., Opt., p. 403. 

* Phil. Trans. 160, p. 28; 1890. 

7 J. Chem. Soc. 63, p. 99; 1893. 














ATMOSPHERIC CORRECTIONS FOR THE HARCOURT 
STANDARD PENTANE LAMP! 


BY 
E. B. Rosa, E. C. Critrenpen, anp A. H. Taytor 


1. INTRODUCTION 


In several papers on flame standards and the photometry of 
flame lamps of various kinds the authors have had occasion to 
discuss the effect of atmospheric conditions on flames.? Particular 
attention has been paid to the Harcourt 10-candle pentane lamp 
because of its excellence as a practical standard of candlepower. 
Remarkably consistent results have been obtained on this lamp, 
and yet there has been a persistent, unexplained difference between 
some of the correction factors obtained abroad and those found 
at the Bureau of Standards. The purpose of this paper is to review 
the more recent work and to give an explanation of some of these 
differences, particularly with regard to the effects of moisture and 
temperature. 

2. PREviouS OBSERVATIONS ON EFFECT OF HUMIDITY 

Water vapor in the air reduces the intensity of flames; the effect 
has been found to be practically proportional to the amount of 


TABLE 1 


Water-Vapor Correction Factors for Pentane Lamp 
(The numbers given are the percentage of decrease in candle-power caused by an 
increase of 1 liter of water vapor per cubic meter of air.) 














Authority Factor 
Ps Jickonvenus chs aig ; 0.66 
Dow* : cea : es : 71 
Butterfield, Haldane and Trotter’. . . . 625 
Bureau of Standards,? 1910. . 57 
Bureau of Standards,’ 1911-12 57 
Paterson and Dudding’*..... 63 
Takatsu and Tanaka’..... 64 


' Presented at the December, 1920, meeting of the Optical Society of America; 
published by permission of the Director of the Bureau of Standards. 

? Bulletin Bur. Stds., 10, p. 391; 1914; (Sci. Paper No. 216). 10, p. 557, 1914; 
(Sci. Paper No. 222). 

Trans. Ilum. Eng. Soc. 5, p. 753; 1910; 6, p. 417; 1911; 8, p. 410; 1913; 10, p. 843; 
1915. 
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water present, but various observers have differed considerably 
with regard to the magnitude of the proportionality factor. The 
results of the more important determinations are shown in 
Table 1. 
The consistency of the Bureau results on the seven lamps 
used in the earlier investigations is shown in Table 2. 
TABLE 2 


Water-Vapor Correction Factor For Pentane Lamps 














| No. of meas. | Factor derived |Range of water- 
vapor 

a ae Ses 
Chance, No. 116..... 220 | 0.0569 4.0-27.0 
Chance, No. 118......| 81 0.0572 14.1-26.8 
Sugg. No. 171 | 165 | 0.0561 4.0-27.0 

Mean 0.0567 
American, No. 25 42 0.0577 5.0-14.3 
American, No. 7 43 0.0558 5 .0-27.0 
American, No. 157 46 0.0570 18.2-26.8 
American, No. 162... 31 0.0562 13.7-26.0 

Mean 0.0567 

Mean of all | 628 | 0.0567 








Equally consistent results were later obtained on many other 
lamps. The average Bureau factor was 0.567 for every group of 
lamps, while the lowest British factor was 0.63, the average of 
the two determinations at the National Physical Laboratory being 
0.645. The differences are in themselves not very important, but 
the apparent accuracy of the determinations is such that the 
discrepancies can not be attributed to purely accidental varia- 








* Electrician (London), 53, p. 751, 1904; Jour. Inst. Elect. Engrs., 38, p. 271, 
1906-7; Jour. Gas Light, 99, p. 232, 1907; Nat’l Phys. Lab., Collected Researches, 3, 
p. 49, 1908. 

‘ Electrical Review (London), 59, p. 496, 1906. 

§ Jour. Gas Light., 115, p. 228, 1911. 

* Phil. Mag., 29, p. 63, 1915; Proc. Phys. Soc. London, 27, p. 263, 1915 

7 Report No. 12, Electro-technical Laboratory, Department of Communications, 
Tokyo, Oct. 1917. Sci. Abst. A. 21, Abst. 259, 1918. 











446 Rosa, CRITTENDEN, AND TAYLOR [j.O.S.A., V 


tions. For example, if the British set of correction factors had 
been used in calibrations made at the Bureau of Standards in the 
summer, the normal or certified values for the lamps tested would 
often have been in error by 1.5 per cent, thus falling entirely 
outside the range of observations made under the normal atmos- 
pheric conditions. 

It is practically certain that some condition more or less 
systematically connected with the humidity has affected the 
measurements. The most obvious condition which might be 
involved is temperature, for in general the seasons of high humid- 
ity have also a high temperature, and the suggestion has re- 
peatedly been made that probably the so-called humidity factor 
was really a combined humidity-temperature factor. 


3. TEMPERATURE EFFECTS ON THE PENTANE LAMP, AND THE 
True Humipity Factor 

In the case of the pentane lamp there has always been a belief 
that the candlepower must vary with the temperature of the air, 
but there are several ways in which air temperature affects the 
operation of the lamp and there has been difference of opinion 
even as to the sign of the probable temperature effect. Several 
observers have sought to show this effect, but none has been able 
definitely to do so. In the early work of the present authors such 
effects were sought for by admitting to the laboratory alternately 
cold outside air and warm air from the heating system of the 
building. The range of temperatures thus attainable was small, 
and there was considerable uncertainty in the results because 
of the effects of drafts and of possible variations in the purity of 
the air in the photometer room. It was concluded that over the 
ordinary range of our laboratory temperatures (18 to 30° C), 
temperature variations did not affect the candlepower of the 
lamps appreciably, although at lower temperatures there seemed 
to be a definite rise in candlepower, amounting to one per cent or 
more at 10°C. 


Furthermore, such relation as existed between temperature and 
absolute humidity was a matter of seasonal variation. Over any 
short period there would usually be apparently no definite rela- 



































Sept., 1921} CORRECTIONS FOR PENTANE LAMP 447 


tion between the two variable conditions. Water vapor correc- 
tions, computed on the assumption that temperature had no 
effect, were found to be practically the same for observations 
made within such short periods as for observations extending 
throughout the year, which corroborated the belief that tempera- 
ture effects were small. 

It was remarked, however, in an earlier paper® that “the 
results obtained can be represented about equally well by assum- 
ing that temperature has no effect or by making a small correc- 
tion for temperature and using a correspondingly different factor 
for water vapor.”’ Since the matter was considered unimportant 
no numerical values were mentioned; the factors which had been 
used were, respectively, 0.5 per cent change in candlepower per 
unit change of humidity and only 0.1 per cent change in candle- 
power per degree (Centigrade) change in temperature, both being 
negative in the sense that the candlepower was found to decrease 
with rise of temperature, as well as with increase of humidity. 

Paterson and Dudding, on the contrary, from an analysis of 
observations in which both temperature and humidity varied 
considerably, came to the conclusion that there was a large 
increase of candlepower with rise of temperature (0.76 per cent 
per degree), that the real humidity factor was very large (1.87 
per cent per liter of water vapor content), and that the so-called 
humidity factor represented only the difference between the two 
effects. On this basis they proposed a possible explanation of the 
outstanding difference between the various English observers on 
the one hand and the Bureau of Standards on the other. They 
were obliged to assume, however, that at the Bureau there was a 
larger variation in temperature corresponding to a given range of 
humidity than was the case at the National Physical Laboratory, 
while in fact the opposite is true. 

The publication of the National Physical Laboratory data 
makes possible a reliable separation of the two effects by com- 
parison of the results obtained in the two countries. For the 
periods during which: the Bureau’s published determinations 





* Crittenden and Taylor, Bull. Bur. Stds. 10, p. 391, 1914; (Sci. Paper No. 216); 
See p. 410. 
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of the so-called humidity factor were made there was on the whole 
a rise of 0.6° C in the laboratory temperature for each liter of 
increase in humidity. A characteristic set of observations taken 
at intervals extending over nearly a year is represented in Fig. 1. 
Similar data for several other years have been examined, and the 
general relation between temperature and humidity has been 
found to be very nearly the same for each year, the general 
seasonal change in temperature for each unit of variation in 
humidity varying between 0.5° and 0.7° C. These observations 
of course refer to laboratory conditions as controlled by the heat- 
ing system during the colder seasons; and the marked differen 

from British conditions is in part due to differences in heating. 
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Fic. 1.—SEASONAL VARIATION OF HumuprtTy AND LaBoraToRgy TEMPERATURES 


Each circle represents the average of a day’s observations in connection with the calibration of 
pentane lamps at the Bureau of Standards during 1911. The dashed curve is the average of several years’ 
observations at the National Physical Laboratory. 


At the National Physical Laboratory the corresponding change 
reported by Paterson and Dudding was 1.6°C. This difference 
in conditions not only explains the discrepancy between the values 
found for the “humidity”’ factor, but gives a determination of the 
real temperature coefficient which, on account of the care taken 
in the measurements at both laboratories and the large number 
of observations, should be very reliable. The mean factor found 
at the National Physical Laboratory was 0.645, while the result 
at the Bureau was 0.567. The difference, 0.08, is the percentage 
decrease in candlepower per degree rise of temperature, because 
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the corresponding temperature changes differed by exactly one 
degree (1.6-0.6). 

Assuming this temperature correction one can calculate the 
true humidity factor, which is found to be 0.52 per cent per liter 
of water vapor. 





4. Drrect DETERMINATION OF TRUE Humipity FAcToR 

By means of air tanks and auxiliary apparatus which were 
built for special investigations of atmospheric effects and have 
been previously described® it was possible to make a direct 
determination of the effect of humidity with negligible thanges 
in temperature, and such a determination had been made before 
the calculations above were carried out. The observations are 
represented in Fig. 2. Measurements were made alternately at 
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Results of determinations in special apparatus at practically constant temperature. The slope of the 
curve is 0.52 per cent per unit of humidity 





low and at high humidities; in obtaining the points shown the 
whole cycle of change from dry to moist air and back to dry, was 
carried through five times. The slope of the curve represents a 
decrease of 0.523 per cent in candlepower for each part per 
thousand of water vapor in the air. That is, this direct separate 
determination agrees with the value calculated above within 
one per cent of the factor; and since the total correction for humid- 
ity practically never exceeds ten per cent, the corresponding 
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* Trans. Illum. Eng. Soc., 10, p. 843; 1915. 
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uncertainty in the corrected candlepower would be in the extreme 
case 0.1 per cent. 

The direct separate determination of the temperature coefficient 
is more difficult, and since the above results were so definite and 
were consistent with the conclusions previously reached at the 
Bureau, it was not considered worth while to construct the 
special apparatus and to give the time needed for a highly accurate 
determination. Some tests were made, however, by admitting 
different proportions of cold air and of hot air from the heating 
system, The new photometer room used has special provision for 
forced ventilation, and a more rapid change of temperatures was 
obtained than could be gotten in the earlier tests mentioned. 
Measurements were first made at a fairly high temperature, then 
cold air was admitted until the temperature fell about 10 degrees, 
and finally the cold air was excluded so that the temperature rose 
to approximately its original value. Four such runs were made 
and the results are shown in Fig. 3. The decrease in candlepower 
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This rough determination checks satisfactorily the results obtained indirectly by analysis of measure- 


ments made under varying natural atmospheric conditions. 

per degree rise of temperature was found to be 0.11 per cent, 
which, within the uncertainty of this determination, is a confirma- 
tion of the value derived above. 

Small changes of humidity occurred during these runs, (the 
amount of variation being about 2 liters per cubic meter of air), 
and the candlepowers plotted were corrected for these variations 
using the factor 0.52 per cent. Consequently the value here 
found for the temperature coefficient depends to a slight degree 
on the humidity factor. It should be noted, however, that the 
data include series of measurements in which the variation of 
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temperature for a change of one liter in the water vapor was 5°, 
1.6°, and less than 0.1°, and that all these are brought into 
practically exact agreement by using the two factors given above; 
namely, 0.52 per cent decrease in candlepower for each liter of 
water vapor per cubic meter of air, and 0.08 (or in round numbers 
0.1) per cent decrease per degree rise of temperature. 

It may also be noted that this negative temperature coefficient 
affords an explanation for the fact that pentane lamps which have 
been measured with electric standards at both the National 
Physical Laboratory and the Bureau of Standards have always 
given slightly lower values at the Bureau, for the average tem- 
peratures in the latter laboratory are decidedly higher. This 
naturally suggests the desirability of establishing a standard 
temperature, as well as a standard humidity and barometric 
pressure, for these lamps. Since the pentane lamp is the basis 
of the British candle which has been transferred to electric lamps 
by measurements made at the National Physical Laboratory, the 
normal temperature would naturally be that which best represents 
- conditions at that laboratory. Paterson and Dudding used 
12°C as a normal temperature because on the average this tem- 
perature coincides with the previously fixed normal humidity of 
8 liters per cubic meter, but this is distinctly below the average 
temperature at which their measurements were made. The 
adoption of 15° as the normal would be more consistent with 
practice in other measurements and apparently would also 
approximate the average conditions at the National Physical 
Laboratory. 


5. More RECENT JAPANESE RESULTS 


All of the above work was done before the war but publication 
was deferred in order to complete certain details. Meantime 
Takatsu and Tanaka of the Electrotechnical Laboratory, Depart- 
ment of Communications of Japan, have published a new deter- 
mination of the humidity factor giving the value 0.638 (See 
Table 1). Mr. Takatsu has kindly furnished his temperature 
observations which were not published, and from these it is found 
that the variation of temperature was 1.5° per unit variation of 
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humidity, so that, assuming a temperature factor of 0.08, the 
real humidity factor is found to be 0.52 or identically the same 
as that recorded above. Because of the similarity of climatic 
conditions indicated in Japan and in Englarid comparison with 
the Japanese data can hardly be considered as giving an additional 
derivation of the results stated, but it is gratifying to find that 
the results obtained in both countries can be brought into harmony 
with our own. 
6. CONCLUSION 

In view of the close agreement between the values found by 
special experiments and those derived by comparison of measure- 
ments made under natural conditions in Great Britain, Japan, 
and the United States, it seems certain that the factors here given 
represent very exactly the effects of the atmospheric conditions 
considered. So far as consistency of results in any one laboratory 
is concerned it makes little difference whether the new factors 
are adopted or the old practice retained, but in the interest of 
uniformity and of conformity to facts it is believed that the new 
results should be used. 


BurEAU oF STANDARDS 
Wasarncrton, D. C. 
December, 1920. 

















NOTE ON THE DETERMINATION OF THE RELATIVE 
EXPANSIONS OF GLASSES 
BY 
F. E. Wricut 


The most direct method for the determination of the state of 
strain or annealing in a glass sample is that of polarized light. 
This method is in general use and is in every way satisfactory both 
for laboratory and for works purposes; it can be learned in a short 
time by a factory hand and is readily applied. The apparatus 
required is not complicated nor easily put out of adjustment. 
There are, in fact, few methods of test which compare with this 
for simplicity and effectiveness. 

It may not be generally realized that the method can be 
applied with equal success to the determination of the relative 
expansion of two glass samples. A test for relative expansion 
is useful in case it is desired to fuse two different kinds of glass 
together; thus, in the manufacture of bifocal spectacle lenses a 
button of medium flint glass is fused to a lens of spectacle crown 
glass; in chemical apparatus different types of glass are joined 
together or a metal filament is carried through a glass seal as in 
electric lamp bulbs. In the case of cords or striae in glass it is 
important for the glass-maker to ascertain the cause of the cords, 
whether pot-solution, or surface film, or lack of homogene‘ty in 
the batch, etc; he is able, by ascertaining the relative refringence 
and the relative expansion of cord and surrounding glass, to infer 
with some degree of assurance the chemical composition of the 
cord. In the present paper the mode of applying the strain- 
birefringence method to problems of this sort is outlined briefly. 

Let us consider first the case of a cord in glass. The cord is a 
streak of slightly different composition and of correspondingly 
different expansibility. If the cord has a greater expansion 
coefficient than the enclosing glass, then, on cooling down from a 
high temperature, it tends to contract faster than the main glass 
mass; this tendency is, however, opposed by the more slowly 
contracting adjacent glass, with the result that the cord reaches 
room temperature in a state of radial tensional stress. Vice versa, 
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a cord with lower expansibility than the adjacent glass is com- 
pressed by it during the cooling and reaches room temperature in 
a state of radial compression. The effect exerted on transmitted 
light-waves by a body under radial compression is different from 
that exerted by the same body under radial tension. From this 
optical effect it is possible to determine the state of stress in a 
body and thus, in the case of a cord embedded in glass or of two 
glasses fused together, to infer their relative expansibilities for 
the temperature interval 20° C to the upper limit of the annealing 
range (400° to 650° C, depending on the type of glass). 








Fic. 1. Apparatus suitable for the inspection for strain in optical glass plates. In Fig. 1¢ a diffusion 
screen of ground glass illuminated from the rear by an electric lamp, is used; in Fig. 15 the diffusion screen 
is replaced by a condenser lens system. In both arrangements the lamp is properly housed in a sheet iron 
box. (a) S is the source of light; D, a diffusion screen of ground glass; G, a plate of opaque glass; P, plate 
of optical glass; XK, sensitive tint plate; N, nico: prism; E, the eye of the observer. (b) D is a diffusion 
plate; A, pin-hole aperture; L, a condenser lens; S, G, P, K, N and E are the same as in Fig. 1a. 


The apparatus required is essentially that employed in tests for 
the state of annealing of glass, and is illustrated in Fig. 1, a and b. 
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To set up the apparatus place the opaque reflecting plate G in 
a horizontal position or so that the plane of incidence for the rays 
from the source of light S is the vertical plane. Sight through the 
analyzer N toward S, as seen reflected from G. Rotate the 
analyzer about the line of sight as axis to the position for which 
the intensity is a minimum. Without further rotating the ana- 
lyzer, raise or lower the line of sight (change the angle of incidence 
and angle of reflection) to the position at which the illumination 
isa minimum. The correct adjustment of the apparatus is more 
readily accomplished by this method than by actually measuring 
the Brewster angle of incidence, the tangent of which is the 
refractive index of the reflecting opaque glass plate. 

Insert now the sensitive tint plate K (of quartz or of selenite) 
with its normal in the line of sight and rotate it about the line of 
sight as axis to the position of maximum intensity of illumination 
(diagonal position) ; note that at 45° on either side of this position 
the plate extinguishes completely and has then no apparent 
effect on the transmitted rays of light. 

Place now the plate P in the line of sight (Fig. 1) and observe 
that the interference colors change as the plate is rotated. In a 
well annealed plate but little change is seen in the interference 
colors. 

As an experiment hold a well annealed plate P (Fig. 1) so that 
its flat surfaces are parallel with the line of sight, but inclined at 
45° with the vertical plane. Press now firmly against opposite 
edges of the plate and observe the changes in the interference 
colors. The uniform purple color of the sensitive tint plate is seen 
to change near the points of application of the pressure either to 
red and orange or to blue. In case the plate is stretched instead 
of compressed the interference colors change either to blue or to 
red and orange; in other words, in a direction opposite to that 
of the first. This practical test can be repeated at any time 
with a given piece of glass and the direction of shift, either up 
or down the Newton color scale, can be ascertained for a given 
kind of load, either compressional or tensional. The observation 
can be made in a few seconds and suffices to determine whether the 
strain at a given point in a strained piece of glass is the result 
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of radial compression or of radial tension. In the case of a glass 
tube or rod it suffices to bend the tube slightly and to note the 
interference colors on the concave (compression) and convex 
(dilatation) sides of the bent tube. 

A cord richer in silica than the surrounding glass has commonly 
a smaller expansibility than the adjoining glass. On cooling down 





Fic. 2. (a) Strain shown by cords in a well annealed block of glass. (b) strain aureoles in glass 
surrounding “stones’’ as shown in polarized light. 


from a high temperature, it tends to oppose the more rapid 
shrinking of the glass and reaches room temperature in a state 
of radial compression; tested in polarized light it exhibits the 
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distribution of interference colors characteristic of glass under 
compression (Fig. 2,a). A cord richer in alumina (pot solution), 
on the other hand, may have a greater expansibility than the 
enveloping glass and hence cools in a state of radial tension. 

An interesting example of strain distribution is exhibited in the 
glass adjacent to a ‘‘stone,” especially a crystallization body in 
glass. The crystalized material may contract at a faster rate 
than does the glass; the glass adjacent to the stone is in a state, 
then, of radial tension and the characteristic distribution of 
interference colors in the four quadrants for radial tensional 
stresses can be seen. (Fig. 2, b). The interference colors rise in 
two opposite quadrants and fall in the two remaining quadrants, 
the central cross exhibiting the purple color of the sensitive tint 
plate. 

No rule has been given thus far for ascertaining the character 
of the stress from the interference colors alone. A statement 
of the rule has been purposely avoided because a number of factors 
are involved and the practical test can be carried out so easily 
that in many instances it is better to make an actual test by 
pressing or bending a glass plate rather than to trust to the 
memory for the exact wording of the rule. Suffice it to state 
that glass under compressional load behaves optically as a nega- 
tive uniaxial crystal, the principal axis of the crystal coinciding 
with the direction of the applied load. A plate held so that the 
polarized light is transmitted along a direction normal to the 
acting pressure offers different degrees of resistance to trans- 
mitted waves of light, depending on the direction of their vibra- 
tions whether in, or normal to, the direction of the applied load. 
Thus for most glasses the waves whose vibrations are normal to 
the line of pressure (principal axis of the optically negative, 
uniaxial crystal) travel more slowly in the glass than do the 
waves whose vibrations are parallel with the axis. As a result 
the faster wave emerges from the glass a short distance ahead 
of the second wave; the distance between the two waves is called 
the path-difference. Brewster discovered over a century ago! 


' Philosophical Transactions, 1813. 
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that in glasses the relation between the load and the resulting 
path difference is linear, so that the optical path-difference per 
unit length glass path may be taken as a direct measure of the 
internal stresses. The path-difference is measured by means of a 
plate or wedge of a crystal in which the two directions of vibration 
and the relative speeds of propagation of the two transmitted 
waves of light are definitely known. On inserting this plate (sensi- 
tive tint plate K, Fig. 1) or wedge in the line of sight, the path 
difference produced by the strained glass plate is increased or 
decreased; from the rise or fall of the interference colors thus 
obtained, the relative speeds of the two waves transmitted through 
the strained glass plate can be determined. This operation can 
be done in a moment and the desired information ascertained 
regarding the relative expansion of the two glasses. 

T he determination of the relative expansions of two glass samples.— 
For the solution of this problem by the strain-birefringence 
method it is necessary to fuse or weld the two samples together; 
in case the expansibilities of the glasses are greatly different the 
surface of fusion contact must be small, otherwise fracturing re- 
sults. The glass samples may be in the form of rods, tubes, plates 
or irregular fragments. The mode of procedure differs somewhat, 
depending on the shape. 

Let one of the glass samples be a glass tube 2 or 3 mm in di- 
ameter. Insert a small fragment of the second glass sample, 0.5 
to 2 mm in diameter, into the tube to a point several millimeters 
from the end. Insert the end of the tube into a Meker or blast 
lamp flame and fuse it to a rounded end with the small glass 
fragment included in the molten glass drop. Allow the glass to 
cool slowly through the annealing range by holding it first in a 
yellow smoky flame and then by cooling it in layers of cotton. 
After the rod has cooled down to room temperature it can be 
examined for strain. In this connection a small liquid immersion 
cell filled with a liquid of about the same refractivity as the glass 
may be used to eliminate the disturbing surface effects of the 
glass rod. The rod is immersed in the liquid and examined in 
polarized light. Note the distribution of interference colors after 
insertion of a sensitive plate in the diagonal position. If the 




















Oa Sel dn 





Sept., 1921] RELATIVE EXPANSIONS OF GLASSES 459 


included glass fragment has the smaller coefficient of expansion, 
it is then in a state of compression and exhibits the interference 
colors indicated in Fig. 3, a. 

In case the second glass sample is in the form of a glass rod or 
tube draw it out to a thin rod or thread and insert a short length 


a b o 
fom 
o %, & “ 
% S é ¥& & TPE 
] /* » 
a ( 
& sg 
oe at o 
4, —— 
% Ss oe ¢ 





Fic. 3. (a) Diagram illustrating the distribution of interference colors observed in polarized light 
with the aid of a sensitive tint plate about a grain of glass or other material embedded in a glass of higher 
expansibility. (b) Same as Fig. 3a except that the surrounding glass is of lower expansibility. (c) Distri- 
bution of interference colors about an included thread of glass of higher expansibility. (d) Same as Fig. 3¢ 
except that the included thread has a lower expansion coefficient. 
in the first tube. Fuse down tube and rod and note the distribu- 
tion of interference colors. The state of strain is indicated in 
Figs. 3, c and 3, d. 

If two glass rods are available weld them together either end 
to end or side to side; if side to side draw out the molten double 
layer end with a pair of pincers to a long thread and note that the 
double layer thread, on cooling, curls up with the glass of greater 
expansibility on the inside.* Examined in polarized light the 





*0. Schott; Verein zur Beférderung des Gewerbefleisses. 4 April, 1892, p. 11; 
See also H. Hovestadt “Jena Glass.” Translation by J. D. and A. Everett, p. 225 
London, 1902; D. E. Sharp; J. Am. Ceram. Soc. 4, p. 219-223, 1921. 
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glass with the lower expansibility (convex side of thread) is seen 
to be in a state of tangential compression; the concave side 
(greater expansibility) is in a state of tangential tension. From 
the degree of curvature of the thin, double layer thread or from 
the interference colors produced, the relative expansibilities of 
the two glasses can be inferred directly. 

Similar interference phenomena are produced when two different 
glass plates or lenses are welded together, as in the bifocal spec- 
tacle lenses. 

The approximate numerical value of the coefficient of expansion 
of an unknown glass or of a small crystal fragment or of a metal 
wire can be determined by means of a set of glasses of measured 
expansibilities.* Small fragments of the material of unknown 
expansibility are welded or fused into a glass piece of known 
expansibility and the relative expansibility is compared by the 
strain-birefringence method. 

Summary.—In this paper attention is called to the application 
of the methods of polarized light to the study of the relative 
expansion of two glasses. For the purpose polarized light pro- 
duced either by reflection from a polished, opaque piece of glass 
at the polarizing angle or by a polarizing prism is employed. 
The plate under test is examined through a sensitive tint plate 
and an analyzer sighted toward the polarizer. From the observed 
change in interference colors the state of radial compression or of 
radial tension of the glass sample can be inferred and with it the 
relative expansion coeffic ents of the two pieces of glass, or of a 
piece of glass and an included fragment of glass, of crystallized 
material, such as a stone, or of a metal wire. The disturbing 
effects of irregular boundary surfaces can be largely eliminated by 
immersion of the glass samples in a liquid of the same refractivity. 
GEOPHYSICAL LABORATORY, 


CARNEGIE INSTITUTION OF WASHINGTON, 
June, 1921. 


*See D. E. Sharp, J. Am. Ceram. Soc., 4, p. 222; 1921. 

















SOME PROBLEMS OF PHYSIOLOGICAL OPTICS! 


BY 
F. K. RIcHTMYER 


Members of the Optical Society: 

I wish to express to you again my appreciation of the honor which you have 
conferred upon me in electing me to this high office in the Society. For many years 
it has been customary for the retiring presidents of our scientific societies to deliver 
addresses which may be looked upon as key notes for after activities or as a summary 
of knowledge in that particular science up to date. In conformance with this practice 
I have chosen to speak briefly this afternoon upon the subject of physiological optics, 
not that I am an expert in that field—for.at best I am only an amateur with, however, 
an amateur’s enthusiasm for the subject—but because I feel that it is one of the most 
important problems to which this Society can direct its attention. 

It is hardly necessary to emphasize, before an audience of this kind, the importance 
of further study of visual phenomena. The importance of good vision in making 
increased efficiency in all lines of human endeavor to say nothing about the general 
well being of society is universally recognized, and furthermore it is quite fitting 
that the Optical Society of America should consider the study of vision and of research 
therein as well within its province. We are interested as a society in optical instru- 
ments of all kinds, and is not the eye the most wonderful of all optical instruments. 

The problems which must be considered when one is discussing visual phenomena 
begin with the physical and chemical processes involved in the production of light and 
extend through the distribution of light, its passage through the optical system of the 
eye, its transformation into a visual sensation in the retina and the reception of this 
sensation in the brain centers. Thanks to the work of our sister society, the Illuminat- 
ing Engineering Society, a large number of the problems in the production and dis- 
tribution of light have been cleared up during the past two decades. I think it is not 
going too far to say that if you wish an illumination of any quality, color and distribu- 
tion, judged by physical standards, a competent illuminating engineer could be found 
who would be willing to undertake to meet these specifications. Comparatively speak- 
ing, therefore, we may regard the problems of light production and distribution as in 
a satisfactory stage of development. 

The next series of processes involved are those connected with the passage of a 
beam of light through the optical system of the eye until it falls upon the retina. 
Thanks to the work of the oculist and the optometrist the physical constants of eye 
media and the geometry of the optical system of the eye are sufficiently well known 
to enable the capable oculist to prescribe such corrective lenses as will produce upon 
the retina a sharp image of the field of view. 

At this point, however, begin a series of processes, little if at all understood, which 
result in a visual sensation. We have made little progress in theories of vision since 
the time of Helmholtz. And yet this lack of progress cannot be said to be due to lack 
of interest or of activity. One has only to glance over the literature of the subject of 
vision to realize that a vast amount of work has been done in recent years. But what 


' Presidential address before the Optical Society of America at the annual meet- 
ing, Chicago, December 27, 1920. Abbreviated. 
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does impress one in looking over this literature is the lack of unity underlying theories 
of the visual processes. One well known authority has recently estimated that there 
are some sixty theories of vision. One may well raise the question: why this diversity? 

The answer to this question is to be found by comparing the development of 
sciences with the development of any other human activity. When society was young 
it was possible for primitive man to supply all of his own simple needs of food and 
shelter. Each individual was then an economic unit independent of his fellows. But 
as society grew men began to gather into tribes and it was found that some individuals 
could do one thing better than others in the tribe. Thus began industry and very soon 
we hear of “the butcher, the baker, and the candlestick maker,” each one supplying 
some one of the community’s needs. 

When industry was young each worker likewise was an independent unit by 
himsclf. Thus the wagon maker of one hundred years ago cut the trees, very likely 
from his own forest, worked the trees up into lumber and the lumber up into wagons. 
These he then sold after which he proceeded to cut more lumber and start the cycle 
over. But as industry grew it was found profitable to differentiate activities. At the 
present time a whole army is involved directly or indirectly in the making of the 
wagon. Each individual in this highly complex organization has only a simple part to 
play. He perhaps paints only the left front wheel! 

When science was young it was possible for an Aristotle to know all of the existing 
sciences and to be well versed in practically all of the then existing branches of knowl- 
edge. But as science grew it became more and more impossible for any one person 
to comprehend it all. Specialization became increasingly necessary. Science split up 
into divisions and these into sub-divisions, so that at the present time a man may no 
longer be a chemist. If he would succeed he must be an inorganic or a physical chemist. 
No longer may a Helmholtz leave his name in several branches of science. He must 
specialize in some particular part of one of the many branches of science. 

Herein lies the reason for the present unsatisfactory status of the subject of 
physiological optics, particularly as regards the processes taking place in the retina. 
This subject represents one of many subjects occupying a middle ground between two 
or more major divisions of science but belonging to neither of them. In the transfor- 
mation of radiant energy into a visual sensation are involved the sciences of psychology, 
physiology, physics, and chemistry. Any single individual who attempts research 
in this general field of vision must therefore have a good working knowledge of each 
of these four sciences. And half a century ago such a composite knowledge was 
possible. Hence the work of Helmholtz. But, great as he was, Helmholtz was by no 
means a super-scientist. There are probably many scientists today who in latent 
ability are his equals. But the field of any one science has grown so vast and has 
become so intrinsically attractive that very few workers have either the courage or 
the interest to take up these middle ground problems. Or if they do attempt work in 
such a field as physiological optics each one carries on his investigations with his own 
science as a background, be he chemist, physicist, physiologist or psychologist. The 
result is inevitably lack of unity and coordination. 

Furthermore our best research talent has been attracted elsewhere by the burning 
questions which each investigator finds in his own field. Thus the physicist during 
the past two decades has devoted a very large part of his time and attention to that 
most ilusive of problems, the structure of the atom, and as the solution has seemed 
to be nearer and nearer more and more have entered the field. But I wish to predict 
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that as much fame awaits the man who finally evolves a satisfactory and lasting theory 
of vision as awaits the man who unravels the mysteries of atomic structure. 

The need of a central working theory to advance our knowledge of the visual 
process is peculiarly emphasized by comparison with the problem of atomic structure. 
The great advances in our knowledge of the atom which have been made during the 
past two decades have been undoubtedly due to the fact that on certain major theories 
practically all of the physicists of the world have been in substantial agreement. The 
work of the investigator in Australia could be compared with that from Chicago. 
No one has ever seen an atom to say nothing of an electron, and yet atoms and electrons 
have become very real things even to the elementary student. The fact that we cannot 
observe directly what goes on in the retina should not deter us from attempting to find 
out the true nature of these mysterious but wonderfully efficient processes. A central 
working theory so that we may correlate not only research done in Australia with that 
done in Chicago but work in physics with that in psychology will go a long way toward 
solving this highly important problem. 

As I see it, therefore, the hope of the future lies in cooperative effort. In some 
way we should organize our research facilities so that groups of individuals representing 
physics, chemistry, physiology, and psychology may work together in the same 
laboratory, under one roof, with a common goal in sight each bringing his particular 
preparation to the work and being able thereby to assist his fellow workers. We need 
furthermore to develop physiological optics as a separate subject so that no longer will 
it be necessary to speak of it as occupying middle ground, which simply means that it is 
without a home anywhere. This organization for more effective and cooperative re- 
search and for the development of a separate subject I believe to be by far the most 
important problem in the field of physiological optics today. 

One might even with profit take a still broader view. The subject of physiological 
optics or, if that term be too restrictive, of vision, is an illustration of a place where 
several sciences meet. Another subject which seems remote but which really is very 
closely connected with vision is that of the effect of X-rays upon human tissue. Both 
have to do with interrelations of radiant energy and living matter. Some philanthro- 
pist could do no greater good than to found at some university an institute for the study 
of all such problems of biophysics. 

Coming now to a discussion of the specific problems in the field of physiological 
optics, I do not feel competent to do more than mention a few. An amateur does not 
discuss critically. 

One of the probléms which has always attracted my attention is that of the time 
factor in visual sensations. This enters in various ways. What happens, so far as 
sensation is concerned, when the eye previously dark adapted is suddenly exposed for 
several seconds, let us say, to a luminous field of definite brightness? There is the 
initial stage when the sensation is growing from zero (approximately) to the final 
permanent value. Many years ago Broca and Sulser investigated this part of the 
time-sensation curve and found that the sensation reached a maximum after a few 
hundredths of a second after which it decreased to a final permanent value. These 
results are at least in qualitative agreement with those reported by Shelford Bidwell. 
But it is probable that much more work must be done on this subject before anything 
like satisfactory quantitative data is available. 

Regarding the next section of the time-sensation curve, little need be said in this 
discussion. It is with the end of the curve that we are particularly concerned. I refer 
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to the well known phenomena of after images, both positive and negative. Shelford 
Bidwell in his interesting little book, “Curiosities of Light and Sight,’’ gives diagramati- 
cally the progress of this curve from the instant of exposure to light until the last after- 
image has died away. One cannot but feel that a thorough investigation of this whole 
curve from beginning to end would throw a great deal of light upon the visual pro- 
cesses. 

Another very important part which time plays in a visual sensation is the wel 
known phenomenon of adaptation, both light adaptation and dark adaptation. The re- 
cent work of Hecht in analyzing the dark adaptation curve and in giving evidence of 
the taking place within the retina of a bi-molecular reaction is very suggestive. In 
this connection one must also mention the work of Ives on the study of the flicker 
photometer. 

A very great deal of information and data has been collected in regard to color 
vision, and among other things it is becoming recognized that we cannot arbitrarily 
divide individuals into the two classes: color-blind and normal, any more than we can 
divide people into three classes—dwarfs, normals, and giants. Just as there are all 
gradations in stature from the Tom Thumbs to the Goliaths so there are apparently 
all gradations in vision and color vision from those who are totally blind to both 
intensity and color to those who possess so called normal vision. We need more 
information of a statistical nature. We need to study the peculiarities of those who, 
for example, are extremely blue sensitive but who, judged by ordinary methods of test, 
possess the ability to distinguish colors. We need to know more about the way in 
which various factors such as age, health, conditions of work, etc., influence the color 
sense. 

One must also mention in connection with problems of vision the very interesting 
work of Dunlap and of Magnusson and Stevens in studying the effect of an alternating 
magnetic field upon visual sensation. These investigators found, for example, that 
the sensation of flicker as produced by the alternating magnetic field persisted to 
frequencies far higher than when the retina is stimulated by a flickering light. If this 
result be confirmed it means that the damping out of flicker as observed in the ordinary 
way takes place in the retinal processes rather than in the optic nerve and brain center, 
for it is to be observed that the magnetic field stimulates a visual sensation by generat 
ing an electric current directly in the optic nerve or in the nerves leading from the end 
of the optic nerve to the rods and cones. Further study of this phenomenon is needed. 

Another class of subjects upon which more information is needed is the effect, 
perhaps physiological, perhaps psychological, of various colored lights on vision. The 
question is frequently asked: which is better for night-time work, the kerosene oil 
lamp, the ordinary electric incandescent lamp, or the so called daylight lamp, assum- 
ing of course intensity and distribution to be the same in either case. There are 
those who insist that they work with the greater degree of comfort when using the oil 
lamp or the old fashioned open flame gas burner. These say that the comparative 
harshness of the daylight lamp is both objectionable and injurious to their eyes. And 
there are others who insist that they work with the greatest degree of comfort when 
using the daylight lamp. Realizing the possibility of physiological differences in the 
eyes of these two classes of people it is quite possible that each is correct. But what 
I wish to emphasize is that what we need is fact rather than opinion. At the present 
time this whole class of questions is settled almost entirely by opinion. I may give 
it as my opinion that if conditions of intensity and distribution are identical in the 
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three classes mentioned above, a worker will experience no more discomfort from one 
than from the other. But if I were to say so it should be emphasized that I give my 
opinion. 1 have no facts save possibly my own inadequate experience upon which to 
base an answer. It must be admitted of course that investigation in this particular 
field is extremely difficult and discouraging, but nevertheless the need for some in- 
vestigations is very great. 

Perhaps after all the greatest progress would be made if out of the existing chaos 
there could be developed a unified theory of visual processes. One needs only to 
mention a few items involving theories absolutely opposed to each other. For example, 
are the rods the visual preceptors at low intensities according to the older theory or, 
according to Edridge-Green, is the function of the rods solely to secrete the visual 
purple which, being exuded, produces a visual sensation in the cones by some kind 
of a photochemical process? 

Again, does the dark pigment act as a sort of a curtain to screen a part of the light 
sensitive area of the retina from too great a light intensity, or according to a recent 
suggestion is its function to act as an absorber of energy and thereby to give the 
sensation of brightness, the sensation of color coming from the cones? Then we have 
a number of theories as to the real nature of the visual process. Is it photochemical, 
and if so what photochemical reactions are involved? Or are the rods and cones, 
as recently postulated, miniature wireless receivers which resonate with the frequency 
of the incoming light wave? 

One must admit that the whole subject is extremely difficult and perhaps more 
complex than almost any other field of investigation which confronts the scientist. 
Nevertheless there are few if any subjects before the scientist of greater importance, 
and if the importance of the subject bids us enter upon this field of investigation much 
more are we attracted by the challenge which visual phenomena offer. The more 
difficult and involved the problem the greater is the satisfaction in solving it, and it 
is to be hoped that the Optical Society, which is perhaps the only organization in which 
all of the various contributory sciences can be found, will lend its prestige and its 
enthusiasm for further inquiry into this field which involves phenomena of the utmost 
importance to the human race. 


CoRNELL UNIVERSITY, 
IrHaca, New York 











NOTICES AND REVIEWS 


BrBLIOTHECA CHEMICO-MATHEMATICA, compiled and annotated by H. Z. and H. C. S 
2 vols. pp. xii and 964, with 127 plates containing 247 portraits and facsimiles; 
Henry Sotheran and Co., London, 1921. 


This historical catalog of scientific books, including biographical and historica 
references, with a remarkable collection of portraits and facsimiles, is worthy of a 
place on the shelves of every scientific man interested in the development of modern 
scientific thought. The two beautiful volumes have a very considerable human inter- 
est, apart from their being an annotated bibliography of mathematical, physical, 
chemical and engineering science. More than 17,000 titles of books are listed for sale, 
easily made available by an exhaustive subject index giving date of publication of 
each book listed. 

There are one hundred and twenty-seven plates, giving facsimile reproductions 
of title pages, diagrams and cuts taken from famous books. There is a reproduction 
of the title page of Copernicus’ “De Revolutionibus Orbium Coelestium,” from the 
excessively rare original edition of this epoch-making work, published in 1543. This 
book marks an epoch in human thought, but was never seen by its author. When a 
copy arrived at his bedside he could only touch it, for his faculties and memory were 
gone and he died within a few hours. 

A copy of Newton’s “Opticks” with manuscript corrections in Newton’s own 
handwriting is offered. The facsimile of the title page of the first issue of the first 
edition of the “Principia” reads, “Imprimatur S.’ Pepys, Reg. Soc. Praeses, Julii 5, 
1686,” and the compiler of the catalog remarks, “The idea of Mr. Samuel Pepys, P. R 
S. giving the Society’s imprimatur to Newton’s ‘Principia’ is tickling.” 

The reproduction of the obverse of the first leaf of the first (1482) printed edition 
of the “Euclidis Elementa” in Gothic type with geometrical diagrams on the margin 
is noteworthy, the text being a translation from the Arabic by Adelard of Bath. Two 
copies of the first edition of the original Greek text are listed. This edition (1533) is 
interesting on account of its dedication by Simon Grynaeus, professor of Greek at Basel, 
to Cuthbert Tunstall, Bishop of Durham. Of a copy of the first complete edition 
(1546) offered for sale, the compiler of the catalog says: “The title and first leaf of the 
text bear the stamp of the clerical censor, who thought it needful to cut out the three 
preliminary leaves,—an interesting instance of the rigidity of ecclesiastical censure 
at the period of the Reformation.” 

There is an illustration showing Huyghen’s pendulum clock, a page from the 
“Traité de la Lumiere” (1690) where he deduces the equality of the angles of incidence 
and reflection, with the original of the diagram, now familiar in all text books on 
optics, and a plate showing the phases of Saturn from the “Systema Saturnium” (1659). 
From Kepler’s “Dioptrice” (1611) are shown two pages with diagrams showing the 
formation of an image by a convex lens. The “Dioptrice” contains the first account of 
the invention of the astronomical telescope. A plate from the “Micrographia” of 
Robert Hooke shows his compound microscope. This book (1665) is one of the most 
suggestive in the history of science—containing the earliest investigations of the colors 
of thin plates, the first notice of the black spot in soap films, a theory of light as a “very 
short vibrative motion,” an explanation of the twinkling of stars, as well as the inven- 
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tion of the compound microscope. The 38 copper plates were engraved by the author 
himself. Hooke was Boyle’s assistant and Mr. Sotheran offers for sale Bishop Burnet’s 
copy of the first edition of the “New Experiments, touching the Spring of the Air,” 
which gives a description of Boyle’s air pump as improved by Hooke. 

A very interesting plate in this collection of striking illustrations from old books 
is that from a book on distilling, originally published at Strasburg in 1519 and trans- 
lated into English under the following curious title: “A Vertuose Boke of Distyllacyon 
of all Maner of Waters of the Herbes, with the Fygures of the Styllatoryes, fyrst made 
and compyled by the Thyrte Yeres Study and Labour of the most conynge and famous 
Master of Phisyke, Master Jherom Bruynswyke, and now newly translated out of 
Duyche into Englisshe by Lawrence Andrewes. Imprynted at London in the Flete 
Strete by me Laurens Andrewe, in the sygne of the Golden Crosse, MCCCCCXXVII, 
the XVIII daye of Apryll.” Only 3 copies, two in German and one in English are for 
sale. 

Engineers are not generally aware that a practical electric telegraph was invented 
by Sir Francis Ronalds and described in his book “Descriptions of an electric tele- 
graph,” 1823. The apparatus used is shown in one of the illustrations in this catalog. 
Signals were transmitted by Ronalds from his house at Hammersmith (occupied later 
by William Morris, the poet, and known as “Kelmscott House”) over a system of wires 
8 miles long, by observing at one end the divergence of a pair of pith balls when a 
charge of electricity was sent into the other. The invention was offered to the Ad- 
miralty, and was refused on the ground that as the French war was over telegraphs of 
any kind were totally unnecessary. 

The examples chosen are only a very few of the many striking and interesting books 
listed in the catalog. The old books are, of course, out of date for practical purposes, 
but they are landmarks in the history of the human spirit, as it slowly works itself 
out in the progress of the race. The history of the great discoveries in physical and 
mathematical science is most interestingly shown in this unique catalog. 

J. FRANKLIN MEYER 


Radioactivity and the Latest Developments in our Knowledge of the Chemical 
Elements. K. Fajans, 3rd Edition 1921, No. 45 in the series “Sammlung Vieweg 
Tagesfragen aus den Gebieten der Naturwissenschaften und der Technik.” Viegweg 
und Sohn Braunschweig; 124+ VIII pp.; 12 cuts and 11 tables; price 7 marks. The 
third Edition of this excellent treatise brings the subject up to December 1920, includ- 
ing a comprehensive review of Aston’s experiments. To compress the treatment of 
radioactivity into 124 pages has required the most careful consideration by the author. 
The book may be commended as a short text for graduate students and is an extremely 
interesting account of the important phases of this subject especially from the stand- 
point of atomic structure. 

Paut D. Foorr 
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RECENTLY ELECTED MEMBERS OF THE OPTICAL SOCIETY 
Continued from Vol. V page 291, 1921 


Regular Membership 
Frederick J. Bates, 1649 Harvard St., Washington, D. C 
Paul S. Helmick, Physics Dept., lowa City, Iowa. 
Fred E. Altman, 27 Lake View Terrace, Rochester, N. Y. 
John S. Paraskevopoulos, National Observatory at Athens, Greece 
John C. Hubbard, New York University, University Heights, New York City. 
(Karl) Wilhelm Stenstrom, University Club, Buffalo, N. Y. 
E. Leon Chaffee, Cruft Lab., Harvard College, Cambridge, Mass 
Paul E. Klopsteg, 460 E. Ohio St., Chicago, Ill. 
Gordon Ferrie Hull, Dartmouth College, Hanover, N. H. 
Saul Dushman, General Electric Co., Research Lab., Schenectady, N. Y 
Hugo Fricke, Cleveland Clinic, Euclid Ave. & 93rd St., Cleveland, Ohio 
Arthur W. Gray, 312 S. Walnut St., Milford, Delaware 
Charles C. Bidwell, Cornell University, Ithaca, N. Y 
E. P. T. Tyndall, Rockefeller Hall, Ithaca, N. Y. 
Archie Garfield Worthing, Nela Research Lab., Nela Park, Cleveland, Ohio. 


Associate Membership 

Charles Bittinger, Duxbury, Mass. 
Lawrence Radford, Bureau of Ordnance, Navy Dept., Washington, D. C. 
Frederick C. Clark, c/o American Writing Paper Co., Holyoke, Mass. 
Herman A. Holz, 17 Madison Ave., New York City. 
William Gaerter & Co., 5345 Lake Park Ave., Chicago, Ill 
Erich A. Bandoly, 460 E. Ohio St., Chicago, Ill. 
George R. Harrison, Box 863, Stanford University, Calif 
Frank Milton Gilley, 21 John St., Chelsea, Mass 

CORRECTIONS AND CHANGE OF ADDRESS 
W. T. Bovie, Harvard Medical School, Cambridge, Mass. 
Francis Walters Jr., 12 Soochow Road, Shanghai, China. 
Selig Hecht, 1754 Topping Ave., New York, N. Y. 








